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Preface

The development of new observational and theoretical tools
to probe the solar interior, as well as recent new data on the
nature of the solar cycle, have led to the recognition of the
opportunity for a significant advance in our understanding of the
dynamics of the solar cycle, through a well-planned program of
space observations over the coming decade.

In response to this opportunity, the National Aeronautics
and Space Administration (NASA) has formed a Study Group to con-
sider a possible program of solar cycle research known as the
Solar Cycle and Dynamics Mission (SCADM). The Study Group, as
part of its activities, organized a two-day Symposium, in order
to marshal the best scientific imagination and wisdom of the as-
tronomical and geophysical communities at an early stage in the
program definition. Because of the obvious implications of such
a program for astrophysics in general, the American Astronomical
Society (AAS) agreed to co-sponsor this Symposium with NASA.

The present document contains the presentations and discus-
sions from the Symposium, which was held on.June 14-15, 1979, in
Wellesley, Massachusetts. Most of the manuscripts have been
reproduced exactly as submitted to expedite publication.

In addition to the papers actually presented at the Symposium,
several related contributions have been included. The two intro-

ductory papers were prepared at the direction of the SCADM Study
Group, and summarize the principle areas of research to emerge
from that committee's deliberations. Appendix A contains papers
that were accepted for the Symposium, but which could not be
presented at the time. Finally, Appendix B contains "he abstracts
of papers which were given at a related special session of the
Solar Physics Division of the AAS, also held at Wellesley, on the
topic of Solar and Stellar Variability.
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DYNAMICSOF THESOLARINTERIORANDTHE SOLARDYNAMO

BackgroundpaperforsympGsiumon theSolarCycle
andDynamicsMission

by PeterA. Gilman,HAO _B'O "I ? 9 4"

I. IntroductionandGoals

Thesolarconvectionzoneis theoriginofmostof thevariations

insolaroutputobservedor suspectedto occur.The sun'smagnetic

fieldis rootedthere,and solaractivityand the solarcycleare

generatedand maintainedthere. Changesin the magnet,cfieldswhich

reachintothe solaratmosphereand beyondto interplanetaryspaceare

largelydeterminedby the dynamoactionof velocityfieldsin the

convectienzone. If changesin sol_rluminosityoccuron timescalesof

mon.,,sto millenia,suchchangesprobablyhavetheiroriginin the

changingdynamicsof the convectionzone,eitheras causeof or in

responseto longtermchangesin the levelof solaractivity. Fluctua-

tionswouldoccurin the rateat whichenergyis broughtto the surface

'byconvection,and the solardiameterwouldbe slightlymodified.

To describeand ultimatelyunderstandthe globalworkingsof the

solardynamorequiressimultaneoushighqualityphotosphericobservations

of solarvelocities,magneticfields,intensitypatterns,luminosity

and variousradiativeoutputs. The observationsmust be nearlycontlnu-

ous in timeand of longduratlon--mostor all of a solarcycle. Such

a measurementprogramshouldbe a majorpartof the proposedSola_..__rC;/cle
:

and _ Mission. It wouldbe moreambitiousthaneverattempte,_

before, but the potential nowexists to makeit successful.

Now is a particularlyappropriatetimeto developsucha measurement

= program, for at least two reasons. First, recent evidence for a solar

3

1980009682-010



t

signalin terrestrialproxyrecordssuchas carbon14 in tre_ rings,

togetherwithmore sensitivedatingtechniquesbeingdeveloped,indicate

we may soonbe ableto reconstructsolarhistoryover the past sewral
f •

thousand,Ye_rsi_somedetail. We needa moredetailedtemplateof

actualsolarobservationsfromwhichto extrapolateback. Second,

theoreticaland computationaltoolsandmodelshavenow reachedthe

pomntthatquantitativemodelingof the globalcirculationof the sun

and itsdynamoactionis withinreach,so thatmuch betterinformation

thannow existson globalsolarvelocities_magneticfieldand intensity

patternsis neededfor comparisonswith suchmoc'els.

Beyondansweringimportantquestionsconcerningthe solardynamo

itself,whichwe discussIn detailbelow,suchan observingprogram

offersa uniqueopportunityfor insightsintothe behaviorof dynamos

occuringanywherein the universe.The solardynamois theonlyone

whichoffersthe prospectof observingdlrectlysomeof the primary

motionsresponsiblefor the inductionof,_agnet!cfields. Thisis not

possiblefor the planetaryinteriorsor otherstars.

lI. Solar questions t 9 Answer

There are manyaspects of the global behavior of the sunwhich we

need to observein detailbefo.-ewe can _e_llyu_derstandthe solar

dynamo. Centralis the needto observethe globalcirculationof the

solar surface--differential rotation, global eddies or convection, and

their variations in time over a solar cycle. Th_s is neededbecause

such circulation shouldbe charactertstlc of the global flow within
4

the convection zone, whtch in turn should be responsible for muchof the

amplification andmaintenanceof the sun's magnetic field. The velocity

4
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patternsof individualglobaleddiesmust be resolved,so thattheir

!r,teractionwiththe differentialrotationand the magneticfieldcan be

determined.We needto knowhow muchthe basicrotationof the sun

influencesthe eddystructure,and whicheddy sizesaominatein the flow

pattern, we alsoneedto knowhow persistentthe eddiesare in time--

overone rotationto the next,and overa substantialpartof the solar

cycle. Are differentkindsof eddiescharacteristicof differentphases

of themagneticcycle?

Groundbasedmeasurementsof globalcirculatlonof the sun using

the Dopplereffecthaveup to now definedratherwell the average

differentialrotationof the _un. They havealsogivenhintsof time

variationson a varietyof time scales,but havetold us practically

nothingaboutglobalscaleeddymotions. Globalvelocitymeasurements

fromdifferentgroundbasedobservatorieshavebeen difficultto com-

pare, becauseof contaminationin the signalby shorttimescalesolar

noise,interferenceby the ai_Jsphere,and instrumentaleffects.We

mentionbelowhow spaceobservationsr_y overcomethesedifficulties.

Knowledgeof how the eddie_and differentialrotationvarywith

depthis alsoof greatimportancebecausethe sun'smagneticfieldis

rootedbeneaththe photosphere,and _ostof the inductionof the field

takesplacethere. The radialangularvelocitygradientplaysa key

role In many currentsolardynamotheories. Extrapolationsdownward

from the surfacemeasurementsmust be madewith the aid of theory.

In thisregard,it has recentlybeendemonstratedthat frequencysplit-

tingdue to rotationin solaroscillationsnear5'minuteperiodsmay

tell us l,_wthe angula,,velocityva,'ieswlthdepthto 15-Z5thousand
i

kilometersbelowthe sun'ssurfac,and perhap_deeper. ThisIs because

differentmodesof oscillationoeakat dl'F_erer'.'_nthsin the convection

5
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zone,ar,drespondmostlyto the rot_LiG-"t thatdepth. In principle,

theseoscillationswill alsoindicatehowthe differentialrotation

varieswith timeat thesedepths. The potentialfor globaloscillations

to revealglobalconvectiveeddystructurerezr_insto be explored.

Frequencysplittingin those5 minuteoscillationswith peakamplitudes

verycloseto the surfacecan alsobe compareddirectlywith the surface

dopplerrotationvalues.

Detailedinteractionsbetweenthe sun'svelocityand magnetic

fieldsare undoubtedlycomplexandoccuron a wide raageof spatial

scales,butare not wellmeasured. In orderto examineinteractions

betweenvelocitiesand magneticfieldsin the photosphere,we needto

measurethemagneticfieldto at leastthe same resolutionas the
Y

velocityfield,and at certaintimesto much higherresolution,sincewe

alreadyknowmuch of themagneticfluxemergingat the surfaceis in the

formof intensefluxtubes. Solardynamotheorydemandsanswersto

suchquestionsas--Isthe largescalemovementof magneticfluxacross

the solarsurfacedue to transportby theobservedlargescalevelocity

field,or are smallscaleinteractionsimportant,producfngmoreof a

"randomwalk"? Are largescalevelocityPatternsnearactiveregions

differentthanelsewhere?Are therecertainvelocitypatternswhich

tendto be foundin the nelghborhoo#of coronalholes? Can horizontal

divergencein the velocityfleldbe foundwherenew mgnetic flux is

emerging,indicatinga regionof upwe111ngwhichmighthave broughtup

the flux?

Global convection patterns on the sun should have associated small

amplitude but persistent surface spatial variations in radiative flux.

If large enough, these flux intensity patterns should also contribute

to changesin solar lumlnoslty. Slightly warmer fluid should be found

6
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whereupwellingoccurs. Changesin thesepatternswith timeshouldbe

associatedwith detectablechangesin the globalvelocityand magnetic

fieldpatterns. If the variationsin the radiativefluxcouldbe detected,

thenthey couldyieldinformationaboutthe temperaturestructurewith

depthin theeddies,as well as provideanothermeasureof subsurface

rotation. The globaloscillationscan alsoyield informationon the

; mean temperaturestructurewithdepth,as well as the depthof thewhole

convection zone.

III. WhyMakeTheseObservationsfrom Space?

" There are several reasons why the measurementsneed to be madefrom

an orbiting platform. A prime reason is that the combination of bad

weather and night time prevent us from getting the neededcontinuity of

measurementsfrom the ground. Weargue this point in more detatl below.

In addition,differencesin local seeingand atmospherictransparencyas

well as scatteredlightand shorttimescalenoiseof solaroriginhave

made it extremelydifficultto intercomparethe ground-besedobserva-

tionswhich have been made, as well as making it difficult to separate

what is solarin originand what is not. This Is particularlytrueof

globl velocityobservations,but is alsoa.serlousproblemin comparing

magnet_graphmuasurements.Luminositymeasurementsare clearlybest

made from space,to escapeatmosphericscatteringand absorption.We

discussthe problemwith respectto velocitymeasurementsin greater

detail, to illu_crate l_heneed for intense observations from space.

Progress in making global velocity measurementsfrom the ground

h_s beenslowpartlybecauseof instrumentaldifficultiesand atmos-

phericeffects, and partly becausethere is a great deal of noise on the

7
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sun in the formof smallscalemotions(socalledgranulation,5 minute

oscillations,and supergranulation)whichhavelargeramplitudethan the

/
globalmotions. Someof thesedifficultiesmay be overcomeby improve-

mentsin grnundbasedInstrumentation_but otherscan be surmountedonly

by makingfrequentmeasurementsfromanorbitingplatform.

We estimatethatto resolvethe velocitiesof Qlobaleddies,we

needa basicmeasurementaccuracyof between1 and 10m/sec(a Doppler

shiftA_ of 2xi0"5 to 2xi0"4 _ at ).- 6000){).This precisioncan be

obtainedonly by use of a wavelengthreferenceagainstwhichto measure

the dopplershiftof the solarspectrallinechosen. Otherwisevarious

instrumentaldriftsmask the solarsignal. Such refe,-_ncetechniques

are currentlybeingdevelopedbut havenot beenprovenyet.

To reducethe smallscalesolarnoise,thewholediskof the sun

must be observedmuchmore rapidlythan is done by currentsystems. We

estimatethe timeintervalbetweenobservationsshouldbe no more than

about_ minuteand preferablymuchless in orderto averageout the well-

known5 minutesolaroscillations,requiringthe use of some sortof

"panoramicdetector"whichviewsthe wholesun essentiallyat one time.

Averagingtogetherobservationsmadeat I minuteintervalsover

periods of 30 minutes to 1 hour should reduce the short time scale noise

to the point that more persistent velocity patterns are evident.

Howevereven this is not enough, becausethe resulting patterns will

probably be dominatedby supergranules which lastup to a day or two.

To suppress these patterns and highlight the global eddies, we can

average spatially, or take advantage of the fact that due to solar

rotati._n supergranulesmovea distance equal to thier own diameter

across the solar disk in a few hours (4 hrs at the equator, longer at

8
O

1980009682-015



higherlatitudes).Thus by averagingovera few consecutiveorbits

supergranulevelocitiescan alsobe reduced,thoughnot eliminated.Then

, by comparingsuccessiveaveragingperiods,we can pickout the global

velocities,whichshouldnot be cancelledout by the averagingprocess.

Comparisonof velocitieson successivedaysevenwith all of the

averagingwill be difficultbecauseof residualnoiseand the rotation

of the sun--morefrequentsamplesare necessary.We needan essentially

continuousrecordof averagedvelocities,eitheras a successionof

averages,or as a runningaverage. In eithercase,this is achievable

onlyfromorbit,si;)cenightand bad weatherpreventit from the ground.

Fromthe ground,observingrunslongenoughto largelycancelout super-

.. granuleswouldbe achievedonly occasionally.

Of course,new difficultiesare introducedby goingto space. For

example,thevelocityof the orbitingplatformmust be knownto withina

few metersper second,so it may be subtractedout, and stabilityof the

instrumentsMust be achieved.

Whya lon8 term mission or series of missions?

The obvious answer to this question is that we are looking at the

global dynamics of the sun over the course of a solar cycle, so we need

to observe the sun that long. On the short time scale end, we expect

changeson a time scale of a month or two, since that is a reasonable

estimate for the turnover time for the entire convection z_ne. Further-

more, the basic rotation rate of the sun can be defined unambiguously

only by averaging over at least one rotation (about 27 days). Overshorter

times, a doppler rotation signal can not be distinguished unambiguously
e

from other east-west motionsof broad longitudinal extent. It is the

changesin rotation, global eddies, magnetic fields, and intensity patterns from

9
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one rotationto the next,overthe solarcycle,_hichare crucialto

gainingan understandingof the workingsof the solard_'namo.Therefore

the spaceshuttlewouldbe an inappropriateplatformon whichto make

synopticmeasurements,sinceobservingwouldbe limitedto at mosta few

periodsof one to twoweeksperyear. A free flyingsatellitJ,perhaps

servicedperiodicallyfromthe shuttle,wouldbe far more appropriate.

However,the shuttlecouldbe very usefulfor test flightsof some

instruments,as well as for certainsupportingmeasurements.

_bservationalrequiremen'cs

As alreadyindicated,we wouidliketo achieve1-10m/sacoccuracy

in dopplervelocities,with samplingrate fastenoughto averageo:Jt5

min oscillations.Horizontalresolutionshouldbe _15 arc sac. But to

studytheoscillationsthemselves,we needto use all the dataat a

samplingrateof every10 secondsor so. Ideally,we wouldlike con-

tinuousobservingrunsof severaldays (possiblewith a .highinclination

orbit)in orderto resolvefinerdifferencesin frequenciesbetween

waves. However,by suitableuse of "apodizingfunctions"on datawhich

is periodicgapsdue to the orbit,suchlong stringscan be put together

withonlymodestlossof accuracy.

.Magneticfieldsneednot be measuredquiteas ofter_s velocities,

but certainly at least once par orbit, to at1accuracy of a few gauss,

with spatial resoltuion of less than 10 arc sec if possible, since the

magnetic field has so muchfine structure. For intensity and luminosity

measurements,;_eshould aim for relative accuracy of .1%.

Suppe_'tingobse_vatipns and theory

There are several observations related to those above, someto be

:made from space and somefrom the ground, which also _eed to be made. A

10
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particularlyimportantone i_ th.__zeasurementof correlationsbetween

velocityand intensity,to very highspatialresolution(_.Iarc sec).

_ucha correlationis knownto existon the scaleof granules,and may

varywith time. It is relevantto the globalvelocityproblembecause

sucha correlation,particularlyif it is timedependent,can appear

likea lar__.scalevelocity. Suchmeasurementsare possibleonly from

orbitwitha highresolutiontelescope--thesemightbe done periodically

on SpacelabusingtheSolarOrbitingTelescope(SOT).

X°rayn_asurementsof coronalstructure,includingparticularly

coronalholesare importantfor relatingthe surfacemagneticand

velocityfields. Thesea_-ediscussedmore in the companionSCADMback-

groundpaperby Holzer.

Both velocityandmagneticfieldobservationsshouldbe donefrom

the ground,for purposesof comparisonfor accuracy,as well as providing

coverageif the satellitemeasurementsystemshouldmalfunctionat

certaintimes.

To comparewithsolarvelocity,oscillations,magneticfieldand

intensitymeasurementsdiscussedabovethe relevanttheorymust be

developedmuch furtherthan it has so far. In particular,global

convectionand dynamomodelingmust takeintoaccountcompressibilIty,

as well as smallscaleturbulence.Dynamointeractionsbetweenvelocity

and magneticfleldson smal_,erspatialscaleswill also,needspecial

attentlon.61obaloscillationstheoryshouldbe pushedto its limits,

to see how deep intothe convectionzoneinformationcan be obtained,

and to _ee how localthe diagnosticinferencescan be made.

11
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" THE CORONAAND HELIOSPHERE

Backgroundpaperfor the Symposiumon the Solar Cycleand
DynamicsMission,by T. Holzer,HAO

I. Introduction

The solaroutputin the form.,of electromagneticradiationar,Jlow

energyplasma (thesolarwind) providesa drivingforceand an ambient

mediumfor many physicalsystemsin the atmospheres,ionospheres,and

magnetospheresof the planets. Variationsof the solar output lead to

variationsin the behaviorof such planetaryphysicalsystems,and to

gain a full understandingof these systemsit is necessaryto study

the solar outputand its variation. The eleven-yearsolar cycle is an

especiallyappropriateperiodover which to carry out such a study,

becauseduringthis cycle most of the importanttypes of solar variability

(many characterizedby periodsshorterthan elevenyears) are manifested.

Studiesof solar variabilityover a solar cycle will improveour under-

standingof solar structureand of the generationof the solar wind,

and this improvedunderstandingcan be useful in the relatedstudiesof

stellarstructureand stellarwinds, since stellarobservationsare

necessarilyless detailedand sophisticatedthan are solar observations.

A particularlysignificantbenefitthat will accrue from a thorough

study of the solar atmosphereand its variabilityover the next solar

cycle is a greatenhancementin the usefulnessof so-called'proxy'data

instudyinglongerterm solar variationsand their terrestrialimplication.

During the next solar cycle,it is anticipatedthat a coordinatedsatellite

programstudyingthe three-dimensionalstructureof the heliosphereand

13
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the terrestrial magnetophere, ionosphere, and atmospherewill be carried

out through the Solar Polar Mission (SPM), a magnetospheric mission re-

ferred to as the Origin of PTasmasin the Earth's Neighborhood (OPEN), and

the Upper AtmosphereResearch Satellites (UARS)program. The addition of

SCADMto this overall programwill provide the opportunity for the first

coordinated study of the full solar-terrestrial system through a significant

portion of a solar cycle. Such a study will clearly increase our understand-

ing of the 'proxy' data and their implications for the variability of the sun

over the long periods of history and prehistory whenrelevant terrestrial data

(i.e., 'proxy' data) are available but solar data are not.

The most highly variable part of the solar output consists of the

solar plasmaand energeticparticleoutputsand the short-wave-length

portion (XUV, X-ray)of the electromagneticradiation. This is the

same part of the solar output that has a significanteffect on the

terrestrialmagnetosphere,ionosphere,and upper atmosphere,so the

study of its variabilitylies at the heart of the field of solar-

terrestrialphysics. A major goal of such a study is the understanding

of the dynamicsand thermodynamicsof the sun's upper atmosphere,and

SCADM can contributesubstantiallytowardgainingthis understanding

(see section3). The highlyvariablesolar output is organizedand

substantiallycontrolledby the structureof the solar magneticfield,

which again is an area that SCADM is ideallysuited to study (see section

2). Evidently,the controlexertedon the solar output by the magnetic

field determinesthe three-dimensionalstructureof the heliosphere,

and the heliosphericstructure,in turn, determinesthe accessof
LL

galacticcosmicrays to the terrestrialenvironment. Of course,under-
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r standingthe modulationof galacticcosmicrays is essentialto an
understandingof 'proxy'data and thusof the long-termbehaviorof

i the sun.

AlthoughSCADM providesan extremelyimportantmissionon its own,

; if it is flownin coordinationwith other missions(viz.,SPM,OPEN,

" UARS) its value can increasesignificantly.In conjunctionwith the

, polar passagesof SPM, SCADM can providea unique three-dimensional

view of coronalstructure. Togetherwith the IPL of OPEN, SCADM can

yield simultaneoussolar and interplanetaryobservationspertaining

, directlyto the problemsof the accelerationof the solar wind, the

origin of the He3-richand heavy-ion-inchsolar energeticparticle

events,and the transportof energeticparticlesin the solar corona.

Of course,SCADM,OPEN and UARS togethercan observethe variationsin

solar parametersrelevantto the solar output and the simultaneous

variationsin the terrestrialmagnetosphere,ionospL_re,and upper

atmosphere,which are systemslargelydriven by the variablesolar

output. SCADM shouldbe timed appropriatelyto obtain these coordin-

ated observations,and such timingwould imply an early Ig86 launch.

15
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2. CoronalStructureand Its Evolution

The highlyionizedplasmaof the solar corona is, in essence,

"frozen"to the coronalmagneticfield, and since the coronalmagnetic

energy densityis generallysomewhatlarger than the coronalplasma

energy densitybelow,"2Ro, the densitystructureof the plasn_ is

largelycontrolledby the structureof the magneticfield. Unfortunately,
!

it is very difficultto obtain directmeasurementsof the coronalmagnetic

field,and such observationsare presentlyin a rudimentarystate. In

contrast,the photosphericmagneticfield can be determinedreasonably

well throughobservation,but the deductionof the coronalfield from

the photosphericfield remainsproblematic. Consequently,the best

method of estimatingthe coronalmagneticgeometryis throughobser-

vation (in white light, EUV, XUV, and X-ray)of the coronalbrightness

structure,which is generallyassumedto be magnetic-field-aligned.

An interestingexampleof the inferenceof large-scalemagnetic

geometryfrom the observedcoronalbrightnessor densitystructurestems

: from the years 1974 -1975, in the decliningphase of the past solar

cycle. At that time the corona displayeda brightnessstructuresimilar

• in its overallfeaturesto the simple form expectedin the presenceof

a magneticdipole tiltedby about 300 to the axis of solar rotation. A

band of bright corona,as observedin white light or X-rays,was inclined

at 30° to the solar equatorwith a prominentcoronalhole near each

polar cap, but appropriatelydisplacedfrom the rotationaxis. Association

of the br!ahtband with a belt of closedmagneticfield lines and the two

polar holeswith open regionsof oppositemagneticpolaritysuggeststhe

existenceof a similarlytiltedmagneticneutralsurfaceoverlyingthe

16
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) closed belt, separatingthe flow from the two polar regions. This des-

_" criptionof a coronalmagneticgeometryand the relatedsolar wind flow4

unifiesa large body of coronal,in situ interplanetary,and radio

scintillationobservations. It.particular,rotationwith the sun of the

inclinedneutralsurfaceexplainsthe simple two-sectormagneticpolarity

patternobservedin the ecliptic. This geometrymarks a considerable

departurefrom earlierideas of north-southinterplanetarysector boundaries;

the implicationof an importantequatorialdipolemoment is of interest

in theoriesof the solar dynamo. (One should keep in mind the possibility

that the differentgeometricaldescriptionsmay be valid durir_gdifferent

parts of the solar cycle.)Despitethe attractivenessof this empirical

model, the chain of reasoningconnectingit to coronaland interplanetary

observationsinvolvesseveralbroad assumptions. Numerousquestions

concerningboth its validityand its quantitativeimplicationsremain

unanswered. For example,how does the low coronamap out to the coronal

streamersused to definethe neutralsurfaceat 2-3 solar radii,what

lJ the coronalstructurealong that neutralsheet,and does the model

truly reflecta basic simplicitycommon to the coronaat similarepochs

of other solar cycles?

This specificexampleof the associationof coronalbrightnessor

densitystructurewith the geometryof the coronalmagneticfield illus-

tratescertain featuresof the solar magneticfield. If electriccur-

rents in the coronaare weak, one expectsthe influenceof small-scale

featuresin the solar field (i.e.,high-ordercomponentsin a multipole

expansion)to fall off rapidlywith height. Thus the overallstructure

of the corona shouldbe dominatedby the largest-scalefeaturesin the

solar magneticfield. Large-scalemagneticfeaturesare difficulttc
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detectdirectly,_s _,ey _nvolvewe_k average_:ieldsspreadover large

areas of the sun includingthe polar regions_h_e the photosphericmag-

netic fieid is poorlymeasured. The basic fo:'__f coronalstructure

during tt;cSkylabepoch has been interpretedZ, _rrmsof discrete,

large-sea° atures in the magneticfield (or _,,.._.orderterms in a

multipole_;pansion),driftingin t_e differer:_,_.}yrotatingatmosphere.

The evolution o_ this form to the simple,c',....._qike structurementioned

earliersugges:san evolutionof the srl_ ,_etlc field, perhapsasso-

ciatedwith the solar cycle. Thu_ ob_::_'.;_n_which could be made from

SCA_4would have implicationsnet only for the study of the c_gnetic

structurein the corona,but a'isofor ti_elarge-scalefeaturesin the

solar magneticfield. The temporalevolutionof coronalfeaturesthus

reveal the evolutionof the magneticfield governedby subsurfaceprocesses

(in the convectionzone) that determinethe photosphericfield.

Implicationsfor the he_iosphere.

A strikingillustrationof the usefulnessof X-ray, XUV and white

light coronaldata in an interdisciplinary,area centralto the goals

of the SCADM missioncomes from recent studiesof coronalholes,solar

wind streams,and interplanetarymagneticsectors. The origin of long-

lived streamsof fast solar wind (and the recurrentgeomagneticdistur-

bances known to be associatedwith such streams)in regionsof open,

diverging,nearly unipolarmagneticfieldswas suggestedalmost 15 years

ago. Studiescorrelatingsolar wind speedsand interplanetarymagnetic

sectorswith observedphotosphericmagneticfields (and their coronal

extrapolations)strengthenedthis suggestion. However,the observation
6

of such regionsas coronalholes in X-ray and XUV studiesover the past

5 years has placed this relationshipon a sound basis by permitting

18
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_ associationof specificsolar winH featureswith specificregion_uf t,_e

sun. This allows,for example,comparisonof the evolutionof the proposed

source regionsand their interplanetarymanifestations,and quantification

of some aspectsof the relationship. The observationof the spatial

expansionof coronali.oleswith altitudeby white light coronagraphsled

to our presentconceptthat solar wind flow from the polar regionsof

the sun can dominatethe interplanetarystreamand polaritystructule

even in the eclipticplane. This latter realizationagain illustrates

t:,_-importanceof the combinedSCADM and SPM observations;the three-

dimensionalview of t_n heliosphericand coronalstructureis essential

to understandingtheir relationship.

The nearlyone-to-onecorrelationbetweencoronalholes, including

the equatorwardextensionsof the polar caps, and high-speedsolarwind

streamsduringthe Skylabepoch shows that coronalstructurecan play

a dominantrole in modulatingthe outflowof solarwind. The identi-

ficationof coronalholes with open magneticregionswhere field lines

divergemore rapidlythan r_dialoffers an attractiveexplanatlonfor

this role; theoretic,_lmodels of field line guidedexpansionin such

magneticgeometriesrevealan extremesensitivityof the speed of the

wind to the rate of divergencein the lower to middle corona. Our

strongestquantitativeinformationon flow tube divergencecom=.sfrom the

study of a singlepolar hole observedduring Skylab,for which a coronal

densitymodel and boundaryshape has heen derivedfrom coronagraphand

X-ray observations. Our strongestobservationalevidencefc_ the role

of field line divergerJcein governingthe coronalexpansion1comes from
O

a correlationsbetweenthe area at the base of equatoria'_holes and the

amplitudeof associ._tedsolarwind streamsalso based on the Skylabepoch.
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Such geometricalconsiderationsobviouslyrepresentone of areas where

the three-dimensionalpictureofferedby a combinationof SPM and SCADM

observationswould be most valuable.

Evolutionof smaller-scalestructure

Th_ evolutionpf the solarmagneticfield as observedat the photo-

spherepresentstwo contr2stingaspects. Magneticfeatureson spatiel

scalesrangingfrom "brightpoints"throughsunspots,to active regions

seem to evolvethrougha stochasticprocessinvolvingemergenceat the

surfcce,diffusionoveran increasinglylarge area, and ultimateblending

in the "generalfield". This generalfield, however,appearsto be

highlyorganizedinto large-scalepatterns,as indicatedby apparently

regularpatternsin the locationand evolutionof coronalholes and by

the systematicchangesin gross corona]morphologyassociatedwith the

solar cycle.

The SCADMprovidesthe opportunityto observeand relatethe evolu-

tion of coronalfeaturesoI_differentspatialand temporalscales. The

smali featuresknown as "coronalbrightpoints"have been observedin

both X-raysand XUV. The largest,and longest-livedof them,are the

"EphemeralActiveRegions"of photosphericmagnetogrks. Their role in

the evolutionof the solar magneticfield remainscontroversial.Skylab

resultsshow that, unlikethe active regions,the brightpoint distribu-

tion on tilediskextendedfrom pole to pole. More recentrocketresults

imply that the total numberof coronalbright points rises to a maximum

near sunspotminimumand declinesthereafter. The significanceof this

behaviorlies in the estimatethat the total amount of magneticflux
e

broughtto the surfacein the form of brightpoints during the Skylab

periodwas comparableto that in the form of active regions. Thus the
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t_tal magneticflux at the surfaceat sunspotminimummight equal or

even exceed that at sunspotmaximum. Detailedobservationsfrom SCADM

extendingover a sig:'ificantfractionof the solar cycle of bright point

counts,distributionpatternsand life historieswill help us to under-

stand these featuresand their role, if any in the solar cycle.

Coronaltransientmassejectionevents

Coronaltransientmass ejectionevents are the most dramaticlarge-

scale coronalevolutionaryfeatures. They can produceobservablechanges

in coronalstructurein a very short time (a fev'hours). Mass ejection

events are observedin the lower corona in X-,-aysand in the middleand

nuter corona ii:white light. They are generallyassociatedwith eruptive

phenomenain the chromosphere,often with solar flares. Estimatesof

the magneticflux carriedby the transientsobservedduring Skylabsug-

gest that they repre._entmajor rearrangementsof the coronalmagnetic

field.

All of our estimatesof the propertiesof transients,includingthe

magneticflux, are dependenton assumptionsof their geometry. That

geometrycannot be uniquelydeterminedfrom a single view. The combina-

tion of perspectivesby SCADM and SPM, however,would be able to distin-

guish betweencompetingmodels (e.g.,loops vs. sphericalshe'lls).An

additionaladvantagewould be the abilityto determinethe sourceof the

transientunambiguously.The sourcesof half the coronaltransients

observedabove the limb by a coronagr_.,nhwill be invisibleto an observer
i

of the lower atmosphere(e.g.,an X-ray telescope)locatedon the same

line of sight. An orthogenalperspectivealleviatesthis difficulty.
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3. Dynamicsand Thermodynamicsof the Outer Solar Atmosphere

An essentialtool for Full understandingof both particleand radia-

tive outputsfrom the sun is spatiallyand spectrallyresolvedobserva-

tions in the XUV regionof the spectrum. Such observationscan in prin-

ciple at the same time yield two quite distincttypes of information,

e dealingprimarilywith the low-energyplasma (solarwind) and the

other primarilywith the radiativeoutputs:

(a) XUV spectroscopicobservationscan give ir_formationon electron

density,temperature,composition,and velocityof the coronalplasma.

Knowledgeof these properties,their spatialvariation,and their evolu-

tion over the cycle is requiredto understandt3e coronalorigin of the

solar wind, and how and why the solar wind variesover the cycle.

(b) XUV spectrcscopicobservationsyield directlythe coronal

radiativeoutputsat geophysicallyimportantwavelengths,and more funda-

mentally,should lead tO an understanding_ the origin o_ these radia-

tions and their variationsover the cycle.

We elaborateon these two distinct,but closelyrelated,goals in

the following discussion.

The solar output of low-energyplasma: the solarwind

The mass and energy flow in the solar wind, and thus the nature of

the low energy plasmaenvironmentthroughoutthe solar system,are

determinedby the topologyof the coronalmagneticfield and by the

transportand dissipationof the non-radiativeenergy flux passing
4

throughthe upper chromosphereand into the corona. Specifically,the

nature and magnitudeof the non-radlativeenergyflux passingoutward

throughthe upper chromospherefixes the coronalbase pressure,the
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" coronal temperature, and (in magnetically open regions) the energy flux

density in the solar wind. It ts the coronal base pressure and the

coronal temperature in the regton of subsonic solar wind flow that

largely determine the solar wind mass flux denstty.

Despite its fundamental importance in the acceleration of the solar

And, there presently exist neither adequate theories for nor direct

observations of the generation of this energy flux and tts transport

through the solar atmosphere. However, it is _osstble to obtain some

information about the role of the non-radiative energy flux tn the accel-

eration of the solar wtnd by obtaining certain spectral observations of

the transition zone and the corona. It ts the developing ability to

obtain htgh spectral resolution coronal 11ne emission observation that

makes thts possibility so important to consider for all future solar

space missions. Emission ltne spectra can gtve velocity, density, and

temperate,re information for protons, hydrogen atoms, and heavier ions

and atoms, while electron-scattered absorption ltne spectra can give

electron temperature information. Velocity determinations, of course,

provide the possibility of direct detection of the non-radiative energy

flux (if it is carried by waves) while velocity and temperature deter-

minations reveal the influence of the non-radiative flux on the solar

wtnd expansion. The density detemtnattons can provide information

on elemental composition and ionization state in the corona, which, when

comparedwith corresponding so_ar wtnd observations, can gtve some idea

of the relative flow of the various tonic constituents and thus of the ¢

Influence of the non-radiative flux on these constituents.
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The origin and solar cycle variationof qeo_hysical!yimportantUV and

XW emission

The measure,_entand predictionof UX/EUV/XUVirradianc¢is crucial

to determiningsolar effectson the earth. Solar UVemission (1200 R tc

3000 _ ) is importantbecauseit is completelyabsorbedin the upper

atmosphereof the earth, such that any variationswould lead to concurrent

variationsin the upper atmosphere--affectingthe balanceof sun-climate

relations. Solar EUV/XUVemission (_0 _ to 1200 R) is importantbecause

it is the main ionizingsourcefor the ionosphere.

A specificgoal of the Solar Cycle and DynamicsMissionshould be

the observationof both solar outputsand their spatialstructurein

UV, EUV, and XUV spectralemissions--constitutingportionsof the spec-

trum inaccessibleto observationsfrom the surfaceof the earth. Solar

cycle Irradiancevariationsin these wavelengthregionsrange from a

fractionof a percentaround 30DO _, to about a percentaround 20nO _,

to tens of percentaro_md lO00 R, up to factorsof two and three around

100 R. These variationshave only been crudelyobserved,and are not

understood. The irradlancevariationsare closelyassociatedwith mag-

netic field structureand energy transferin the chromosphereand corona.

For this _ason, the temporalvariationsare llke those for coronaland

photosphericmagneticfield structure. In order to understandthe basic

mechanismsof the emissions,it will thus be necessaryto conductobser-

vationsconcurrentlywith coronalscatteredlight observations,soft

X-ray imaging,and photosphericmagneticfie]d measurements. The temporal

evolutionIs such that continualobservationsmade severaltimes per day,

: ove_ a completesolarcycle,will be necessaryto understandthe solar
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cycle variationand to constructrel_ab!__sdels for predicHng UV/EUV/

XW emissions during succeedingand prior solar cycles.We note that such

observationsmay be carriedout to some extent on other satellites

(e.g.,those intendedprimarilyto study the terrestrialupper atmosphere)

and there is no reason for SCADMto duplicate these.

The close relationship between energy" transfer in the chromosphere.!

lower corona and EUV/XUVemission makes necessary the observation of

11ne emissionsin the 50 _ to 1400 _ range,with a spatialresolutionof

a few arc seconds. By observingappropriatelines in this spectralregion,

t tt is possible to determine temperature, electron densities, flow velocities,

and someaspects of wave motion in the chromosphere and lower corona. The

spattal resolution must be at least sufficient to isolate coronal holes,

and preferably sufficient to resolve the chromospheric network--thereby

resulting tn the few arc second requirement. These observations of

spatial structure supply boundary conditions for modeling coronal structure

in association with observations of coronal evolution over a solar cycle,

and futhemore provide the detatled structure information necessary for

understanding the source and basic mechanisms for solar cycle variations

of UV/EUV/XUVemission.

It is important to note that essentially the same data described

above as being applicable to the understanding and prediction of par-

ttcle outputs (solar wind) are also applicable to the understanding and

prediction of radiative outputs.
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SYMPOSIUM ON THE STUDY OF THE SOLAR CYCLE FROM SPACE

Introductory Remarks
G. Newkirk

High Altitude Observatory
National Center for Atmospheric Research

Boulder, Colorado 80307

Welcome to the Symposium on the Study of the Solar Cycle from space.
As many of you are aware, a Working Group to examine the potential of
space observations for understanding the solar cycle was convened last
year. One conclusion of the Group was that a program addressing two major
objectives of understanding:

- The fundamental mechanisms of the solar cycle, and

- The effects of the solar cycle on the heliosphere
and the atmospheres of the planets

is particularly timely for the 1980's.

The timeliness of such a program arises from several factors:

- Our perceptions of the sun have evolved dramtically in the last
few years. We are now aware of the fact that solar activity in
the distant past was both much higher and much lower than any-
thing we have experienced in the last 300 years. The scientific
era has sampled only about lO_ of the dynamic range of solar
activity. Recent measurements suggest that the integrated
radiant flux of the sun is not constant. Even the diameter of
the sun appear_ not to be constant - it may be shrinking 1 to
2 seconds of arc per century_ And, of course, the neutrino pro-
blem stubbornly refuses to be resolved.

- Coupled with the crumbling of simplistic notions about the sun
is the emergence of an arsenal of new tools for understanding
the sun and its magnetic cycle. For example, proxy data such as
z_C allow us to trace the envelope of solar activity back 5,000
years, and other radiogenic isotypes promise the extension of
our record of solar activity back to about 10 s years. Large
scale computers now permit the development of numerical models
of the circulation in the connective layers beneath the visible
photophrre. Thus, quantitative models of the operation of the
sole _ magnetic dynamic, which dPrives the solar cycle, are be-
coming a reality. New diagnostics of oscillatives of the photo-

: sphere allow us to probe the structure of the invisible interior,
and now feasible measures of the large scale circulation of the
photosphere, promise to provide both the essential boundary condi-
tions for these newly emerging mathematical models as well as
the possibility of discovering entirely new solar phenomena.

t
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Thus, the 1980's appears to be the decade when we will finally reach an
understanding of one of the most fundamental process of nature - the
operation of the solar cycle.

The purpose of this Symposium is to identify the most compelling
problems in this area of solar physics and to examine how these are to
be addressed. In particular we will be concerned with the role space
observations will play in this exciting venture. We hope that our

discussions will bring into sharper perspective the strategy we should
persue in the coming decade as well as the crucial missions, experiments,
and theoretical advances which will be required to achieve our goal.

With that brief introduction I turn the platform over to the first
Invited speaker, Dr. Robert Noyes, who will examine in depth the objec-
tives of a SCADM.
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OVERVIEW ON THE STUDY OF

THE SOLAR CYCLE FROM SPACE

Robert W. Noyes

Harvard-SmithsonfanCenter forAstrophysics
Cambridge, Massachusetts02138

I° INTRODUCTION

The nature of the solar cycle is one of the most outstanding and long-lived

problems in astrophysics. Sunspots have been intensively studied since the first

telescopic observations in 1610, and the cyclical nature of their appearance has

been known since 1843. Sunspots are the solar features best known to the general

public, and the 11-year sunspot cycle is now a topic of everyday conversation.

The wealth of detailed observational material on the solar cycle, including the

butterfly diagram, Hale's law of polarity, differential rotation, and many other

less obvious aspects of the cycle, is truly impressive. No less impressive is the

fact that a number of phenomenologtcal models have been produced that rather plausibly

explain and interrelate this vast set of data; of these, Babcock's model in the late 50ts

is probably the best known. Until recently, however, the tools were not at hand to

make a detailed theoretical model, that predicts rather than explains the observed

phenomena and for this reason the nature of the cycle must still be ranked as an

unsolved problem.

The importance of the problem far transcends the field of solar physics.

That other stars might have cycles was inferred long ago simply on the basis that

the Sun is in every measurable way a "typical" star. This led O. C. Wilson to

begin his pioneering work over a dozen years ago on monitvring the K-line in stars

in order to see ff cycles might be detected in other solar-like stars. This work has

recently culminated in a landmark paper that shows unmistakable evidence for cyclic

activity much like that of the Sun in a variety of late-l_,pe main-sequence stars. At

the same time, stellar activity that seems to be in many ways analogous to solar

activity--flares, starspots, and hot coronae--have been detected both by ground-based
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observations and ultraviolet and X-ray space observations. Clearly, activity

and its quasi-cyclical variation is a major fact of stelD.r life, and if anything,

the activity cycle we follow with such great detail on the Sun is but a weak

imitation of larger-amplitude activity cycles on many other stars. Hence, under-

standing the solar cycle has great importance for stellar astrophysics in general.

For many years, quite independently of the astrophysielsts, the geophysical

community has been investigating the effects of the solar cycle on the terrestrial

environment, including the interplanetary medium, the magnetosphere, the iono-

sphere, and the atmosphere of the earth. The imprint of the activity cycle on the

solar wind and on a host of related geomagnetic effects scarcely need be mentioned

to this audienc_ Many of the effects of the solar activity such as magnetospheric

perturbations, aurorae, and other geomagnetic effects, are generally understood,

but others are not, due in 0art to a lack of knowledge of the detailed solar output

as a : anction of phase of the activity cycle.

In addition to such well-documented effects, whether ur.terstood or not,

there are several other suspected effects of the solar cycle on the earth, such as

the possible effects on climate hinted at by tree ring data and other climatological

indicp_ors, in spit6 of many years of work, the evidence for a causal relationship

is not yet fully convincing. Nevertheless the problem cannot be dismissed because

of lack of progress, because If a physical relation does exist it is of tremendous

practical importance.

It is clear then that a deeper understanding of the nature of the solar activity

cycle, its physical origins and its effects on the heliosphere and the terrestrial

environment, will be of extreme importance both to astrophysics and to solar-

terrestrial physics, and any new opportunity to make a major advance in our know-

ledge of the cycle should be securely grasped.

Many scient'_sts believe that such a new opportunity does exist, and this is

the main reason for the present symposium to explore the question in depth. What

is the nature of the special opportunity that exists today ? After all, as we have

already mentioned, the solar cycle is already one of the most exhaustively stadled
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of astrophysical phenomena. However, three recent developments have' come

together to allow for a new and znore vigorous approe.ch to the problem:

First and forenl,)st is the ._markable recent outpouring of new information

about tlie solar interior arid ",,.mcycles--some of which has upset concepts that

have been taken for granted Cot generations of astronomers. I_ is worth listing

some of these:

1) The neutrino deficit shows we do not really understand the "zero-order"

structure of the solar interior or its energy generation mechanism.

2) The rediscovery of the Meunder M_tmum shows that the activity cycle Is

even more irregular than previously realized, an_""- fact can apparently effectively

vanish altogether.

3) During the Skylab era, bright points were discovered that were sub-

sequently found to carry to the surface an amount of magnetic flux comparable to

that in the much larger but less numerous active regions, and, surprisingly enough,

approximately out of phase with the active region magnetic flux. Thus the total

magnetic flux emerging from the interior may not vary at ell during the cycle'.

4) The rotation and differential rotation of the Sun has been found to be far

from constant, apparently varying greatly in association with the Maunder Minimum,

and perhaps by a lesser amount in connection with "normal" activity cycles.

5) It appears thac the solar c)nstant, long suspected of actually being

inconstant, has now been measured to undergo significant changes with the solar cycle.

6) During the Skylab era, observations of coronal holes and of the solar wind

showed holes to be the sources o¢ high-speed wind streams, and those data combined

with follow-up ground observations produced a very satisfactory picture of the

evolution of coronal and interplanetary magnetic field structures over the cycle

in response to subsurface motions.

7) As already mentioned, activity cycles have recently been discovered in

a number of solar-like stars, and we may anticipate that shortly new insights (such
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as the relationbetweenrotationperiodand activity,cycleperiod)willemerge from

study of these stars.

Such new revelations cannot fail to rekindle our interest in the sosar cycle,

and at the same time suggest new concepts and new approaches to understanding it.

A second recent development that gives hop for new p;'ogress in under_t_nding

the cycle is the development of new observational techniques to measure subsurface

phenomena_ that in ._urn can reflect the workings of the subsurface dynamo. Probably

the best example is the development of studies of the well-known solar five-minute

oscillation as a tool to probe the structure of the outer co:.¢ection zone• The rota-

tional splitting of the eigenfrequencies of oscillations at vario_Ls wave numbers

reflects the angular velocity at convectinn zone d, 's approp,tiate to tLose wave

numbers, and thus can yield the variation of angular velocity with dept. Similarly,

studies of longer-period global oscillations should lead to knowledge of physical

conditions at greater depths, using the techniques of "solar seismology'." Another

observational advance of great potential importance is the capability to measure

extremely low _elocities--_n the range of 10 m/sec or less--that may reveal slow

me_idional circulations or upwellings of giant convective cells in the cor,vection

zone. T.he level of precision of solar irradiance detectors is approaching that

required for measuring the solar luminosity changes associated with '._nspots,

plages, giar, t convective c_lls, or other large-scale circulations. Other example_

of new observational techniques relevant to studies of the cycle could be given,

and because of intense current interest in the problem, new technia,,es are continu-

ally being developed.

The third new development giving hope for major nea_-term progress in

und_rs_nding the solar cycle is the creation of new numerical techniques to model

the cycle theoretically using mod;rn, high-speed computers. This capability shodld
r

allow us to formulate more precisely than ever before the critical questions which

must be _ttacked observationally in order to discriminate between various theories

of the cycle.

4

The above three considerations argue strongly that the time is ripe for

further progress in understanding of the solar cycle. Givsn these argument, s,
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one might still ask why we should plan a concerted attack on the problem, rather

than relying on the individual efforts of scientists working separately, in the style

that has led to most of the progress in the past. One reason is tlmt a study of

the cycle must be, by Its o_.n l_tturd, a long-term program las_N_ at least a slg-

_fieant fracUo_ of the cycle itself, perhaps transnendinli the length of effective

contribution of in_lividual scientists. Furthermore, the subject is such a large

and complex one that coordinated efforts of a number of scientists can b; expected

to yield far greater results than their separate independent efforts. Finally, a

key component of any new scientific atiaek on the nature of the cycle will involve

observations from space and hence wtll require the deployment of large resources.

It might be added that a program of this magnitude and duration will probably be

carried out only once in the foreseeable future, so it is of great importance that

plans be laid correctly.

We have argued above that the science of tim solar cycle is important, is

timely for a new attack, and requires a large-scale conoeried program for opt/mum

progress. The proof of any pudding is in the est/sw, _r, so we must focus ca

the key question of what ultimately will result from a larp-_ale program to study

the solar cycle; this is really the subject of the current symposium. The most

compelling science in the world is of little practical interest unless we can formulate

key questions in a way tlmt then realistically can be mzswered by experimental or

theoretical investigations. Formulating the key questions and providing the right

technology are difficult and exciting challenps, which must be met in the earliest

stages of defining a program. C_ course, in meeting these challenges the theorist

and experimenter (who may be one and the same) work toptlmr: what is technologi-

cally feasible allows the selection of a subset of scientific questions from the totality

of all t.hat are interesting, and the most imporlant solentLflc questions stimulate

the development of a subset of key _xperimonts from s later group of technologically

conceivable ones.

When all is sa/d and done and a program is finally hamnmred out, the most

Important question remains: is it really worth its salt? In other words, bow does

it compare with other worthwhile programs that will compete for the dedication of

the scientific community and the available resources ?

35

1980009682-039



Tim program to study the solar cycle is fn its e_rly, formative s_zges. The

scientific opportunltics have been widely recognized as outstanding, and much of

the appropriate technology either exists or seems re,ad_ly developable. However

the marriap of optimum scient/fi_ questions and the re _ufred technological tools

has not yet been carried out, and this t_ust be a key acclivity over the coming months

as the program becomes better defined.

In a few moments other speakers will discuss individual scientific or technioal

quest/ram in detail. Before that, however, let us take a brief broiler look, first

at the overall scientific goals and then at the broad characteristice of a program

designed to accomplish these goals.

2. THE TWO MAIN SCIENTIFIC GOALS OF A SOLAR CYCLE PROGRAM

It is helpful to consider that the goals of studying the solar cycle may be

dlvld_ _ two groups: In oversimplified terms, these may be labeled as under-

standing the causes of the solar cycle, and the effects of the solar cycle. By pauses,

we mean the physical origins and mechanisms of the solar cycle. By effect_ we

mean how the mechanisms of the cycle affect the helicspbere--that vast region

that includes the corona, intarplanetary medium, and the terrestrial environment.

(This distinction between effects and causes is valid because the hehospbere is

essmt/ally the taft wafted by the solar d_--it does not seem to work back and

control in any signffioant way the cycle itself. )

The causes of the cycle are clearly reotml in the subsurface layers, which

we cannot observe directly. This simple fact means that the more fundamental of

our two gnals is also the more difficult. However, the developments n_entioned

eel/or as permitting us to make a renewed attack on the cycle are part/cularly

gnrmmm to understanding its causes. The recent insights into the workings of the

cycle have already given us many leads as to the directions our research should

take In understanding the dynamics of the interior, and have materially increased

the richness of tim data applicable to inferring .-ubsurfaco dynamics. The new

_Kdmlques that we have mentioned, such as solar "seismolosy," or the capability

of measuring extremely low velocities, give promise for new types of findings

about subsurface dynamics. Finall_, the recent developments of theoretical and
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oomlmtational techniques add a significant weapon in at,_tcking problems of the origir

of the cycle. In fact, theory finds itself playing an unusually prominent role in this

problem, just because we are studying regions of the Sun that cannot be observed

directly. For the first time in the history of solar astronomy the theorist may

ham more to say than the observer about the problem at hand' In framing our pro-

gram we must keep in mind/hat the role of the theorist is essential, both in defining

the experiments as well as in interpreting them.

By way of illustrating more concretely types of investigations that address

the causes of the solar cycle, I list here only some of the many observationa!

programs that have been suggested as likely to provide important information on

the mechanisms of the cycle:

1) Determination of depth-dependences, of angular veloc,_ty from splitting of

normal modes of short-period global' oscillations, and improvement of models of

tim deep convection zone from long-period global oscillations.

2) Study of differential rotation of magneti_,,ed and nonmagnetized plasma

as a function of latitude, longitude, and phase in the cycle.

3) High-resolution (sub arcsec) observations of u_agnetic and velocity fields

at the photosphere in order to provide boundary conditions for theories of magnetic

convection.

4) Moderate angular resolution, high sensitivity, synoptic photospheric

magnetic field observations: to determine coronal field configurations (e. g. their

connectivity) and their evolution over the cycle; ultimately to relate these to sub-

surface field geometry.

5) Moderate angular resolution, high sensiti_/cy synoptic low-velocity

measures in the photosphere, to detect meridional flows, giant cells, or c_ther

circ lation patterns and their evolution.

6) Synoptic studies of bright point distribution, and its evolution over the

cycle, with special attention to the relation to velocity flows (e. g. giant cells or

other circulations) and to large-scale magnetic features.
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7) High-preoision study of the solar luminosity (solar consL_nt) variation

over the cycle, and its relation to sunspots and plages, as _ indicator of cycle-

or activity-related modulation _f convective energy flow.

8) Synoptic study of the rc,tstion and evolu'Aon of coronal holes throughout

the cycle, in order to understan_ t/,_ subsurface _rivtng function that gives rise

to these features.

We turn now to the effects of the cycle on the corgna and the heliosphere,

and oa the _rrestrial en rlronment. This question is to be differentiated from the

more traditional question of how solar activity itself affects the heliosphere and

terrestrial environment, for here we concentrate on the response to the solar cycle-

induced variability of activity. This different emphasis disting,_tshes a solar cycle

study from previous studies of solar-terrestrial relations.

Examples of studies of the effects of solar cycle variations include:

1) Study of the solar cycle-dependence of non-radiative energy input into

the chromosphere and corona, as an indication of how acoustic flux, magnetic

structure, and magnetic energy dissipation varies with the cycle.

2) Study of the evolution of coronal structure and dynamics in response to

the above cycle-related inputs, with particular application to the formation of

coronal holes, high speed solar wind streams, etc.

3) Stu4y of how globally-averaged UV and X-ray emissions, known to

affect the terre_trial ionosphere and atmosphere, vary in response to the cycle,

and identification of the solar sources of these emissions and their variations.

I

Observations in pursuit of this goal relate more or less closely to several

other programs, for example, the OPEN (Origin of Plasma in the Esrth's Neighbor-
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hood) pro_Tam, the IPL (Interplanetary Physics Laboratory) satellite, and the UARS

(Upper Atm_epheric Research Satellite); coordination with such programs is clearly

required. An important new ingredient of a solar cycle program that goes beyond

the scope of th6,_e programs is the detailed study of the solar origins of observed

terrestrial effect,s, and the long-term v_riatlons of those parameters that produce

terrestrial effects,

Observations _n support of our _econd _wal will produce a broad data base on

all _sl_cts of solar cy('le beba_or and its variaHons, including EUV and X-ray flaxes,

cosm,_c r_y variations, _urorae_ geomagnetic res_onses, and so forth. This infor-

maflc_ will serve as a ten,plate for proxy studies of earlier data (tree rings, aurorae,

etc. ) tha_ can b_lp extend the record of solar activity backwards many centuries in

time, am1 _hLu__an indirectly contribute to the first go_l of understanding the nature

of the cycle, _.rough inferring Its long-term history.

..... It should be stressed that tl_., short lists given above as examples are by no

means exhaustive. The examples do _hare the property that all observations are

possible using existing or very foreseeable technology.

3. THE NATURE OF THE SOLAR CYCLE AND DYNAMICS MISSION

A key characteristic of the observational part of a solar cycte program

_esi_md to attack the two above goals is immediately apparent; the program must

last at least a significant fraction of the solar cycle, and observations must be made

frequently enough to iron out fluctuations due to individual centers of activity. Thus

at the very minimum a seris_.___sof observations would [x_ required, each lasting many

rotations, and together covering as large a fraction as posstble of an entire cycle.

More desirable, of course, would be a program of observations obtained essentially

continuously over an entire cycle.

This puts several stringent requirements on the program: a) on the scientists

involved, _ho must have the patience and the long--range view to carry out obser-

vations that last years before the final results are in; b) on instrumentation, which e

must be deailpzed and operated in a stable, reproducible way over a long time (this

fact means _hat instruments must be designed as close to the state of the art as

practicable, since once launched, the requirement of continuity of data makes it
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harder to upgrade them significantly later); c) on program management, especially

tha_; pact (SCADM) which is carried out from space. A single free-flyer lasting

many years, while possible, is technologically difficult and has the additional

t_ifficulty that it requires a NASA budgetary commitment to a many-year effort.

Successive flights with periodic refurbishment are possible b_t introduce ninny

other problems in continuity and calibration, as well as severe loss of data.

Another important aspect of a program to study the solar cycle

is the breadth of tecb:_iques that should be used. Although SCADM is a space mission,

it should be though_ of as embedded within a wider program of solar cycle research,

that encompasses space observations from a variety of spacecraft, ground-based

observations, and throughout the program intensive theoretical activities that

provide the rationale for the observational efforts, as well as the means of their

subsequent interpretation.

The broad solar cycle and dynamics program may be described as an optimum

mix of theory, ground, and space observations that best accomplishes the overall

scientific goals. All three components are critica!, and if such a program is to

succeed there has to be careful coordination _nd interplay between all three.

Because of the high cost of space observations, it is obvious that observations

in support of the solar cycle and dynamics program should in general be carried

out from the ground, unless space observations are absolutely essential. Several

of the potentially important experiments listed above involve the analysis of visible

radiation and hence in principle could be carried out from the ground; on the other

hand difficulties associated with the atmosphere or the terrestrial day/night cycle

could make some ground observations imposs!hle in practice, and thus, ff the

observation is sufficiently important dictate observations from space.

We have already _oted the planning for a number of space missions, that

contribute to a greater or lesser degree tc the goals of a solar cycle and dynamics

program. Among these are OPEN, UARS, IPL and the International Solar Polar

Mission (]SPM). Clearly the solar cycle program should be structured to make

optimum use of these and other related missions. Thus, observations from SCADM
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should be planned in coordination with ISPM ff possible, to provide information

on the three-dimensional structure of the corona that would otherwise be unavailable.

!

One aim of this symposium should be to explore ways to optimize SCADM

as viewed in the context of a larger program. These comments, while obvious,

are critical in making mission tradeoffs--for example, between ground-based and

space techniques for performing a particular type of observat:on.

I wish to conclude with a few general remarks about the nature of the SCADM

mission itself, now seen as the principal space component of a broader solar cycle

program.

First, although SCADM should be embedded within a broad solar cycle and

dynamics program, the space mission should be very narrowly focused. The

inevitable cost constraints sugpst that the number of experiments flown will be

severely limited, so only experiments that contribute directly .nd cri_ical|y to the

mission goals and that cannot be performed from the ground should be flown. A

good model for SCADM is the Solar Maximum Mission, which was endorsed by the

scientific community and by NASA because it was a well-focused, problem-oriented

payload.

Second, a key attribute of the mission is its ability to function over a signi-

ficant fraction of the solar cycle. The nature of the experiments as well u the

mission are significantly affected by this requirement.

Third, and most important of all, the experiments must be chosen to

answer well-posed questions or test specific theoretical predictions about the

nature uf the solar cycle. In this context we reemphasize the unusual role played

by theory, in bridging between observations of surface phenomena and inferences

of subsurface properties.

4. SUMMARY AND CONCLUSION

In this talk I have attempted an overview of the key attributes of a program

to study the solar cycle, and a SCADM mission as part of that program. Principal

conclusions are:
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a) The nature of the solar cycle is one of the most important unsolved

problems in astrophysics and solar-terrestrial physics today.

b) The time is scientifically ripe for a large-scale experimental-theoretical

attack on this problem.

c) The solar cycle program, and the SCADM mission, should attack two

broad goals, which can be simplistically described as the causes and the effects

of the solar cycle. A number of specific questions can be posed directly addressing

these issues, for which technical capability of resolving them is at hand.

d) Such an attack should be by way of a well-planned solar cycle research

program, incorporating theory, ground-based observations, and space observations.

The last would involve a special-purpose Solar Cycle and Dynamics Mission (SCADM),

as well as coordination wHh a number of o_ler currently-planned space missions.

e) The SCADM mission should be narrowly focused, to a problem-oriented

payload whose experiments are chosen to answer well-posed theoretical questions

about the nature of the cycle and its effects. A key characteristic of the mission

should be its ability to obtain synoptic data on solar variability associated with the

cycle, over at least a signfficm't fraction of a single 11-year cycle.

I close by recalling, and respectfully disputing, a comment by Dr. Parker

yesterday, to the effect that study of solar and stellar variability is long and hard

wo_'k and not very glamorous. While it is admittedly long and hard work, I sense

that the astrophysical and geophysical community have achieved the maturity of

vision that sees the impormncs, and even the glamour, of such fundamental research

as we will be _alking of in this sympostu,
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MISSION OPTIONS FOR SCADM
IN THE 1980's

J. David Bohlin

NASA Headquarters
Washington, D.C.

ABSTCr

There are a number of possibilities for the type
of spacecraft and orbit which could be used by a
major solar physics mission in the 1980's. The
final selection will depend on the specific
scientific objectives of the mission, which have
not yet been defined in detail, and on the mis-
sion support requirements that they imply. Some
of the spacecraft options that have been studied
to date include: 1) a modified version of the
_olar Maximum Mission spacecraft, perhaps using
refurbished components of the SMM itself, 2) a
Shuttle Optimized Spacecraft, presently being
considered for development as a standard support
structure, and 3) a portion of a Space Platform,
possibly one dedicated to solar investigations,
or perhaps as a. part of a Solar-Terrestrial Ob-
servatory. Selections of orbital altitude and
inclination involve trade-offs between payload
weight, telemetry rate, cost, and time in day-
light, as well as considerations of thermal sta-
bility, velocity variations, and ease of r_triev-
al or in-orbit refurbishment. All of the options
being studied would use the Space Transportation
System (STS) for launch, and most would communi-
cate with the ground through the Tracking and
Data Relay Satellite System fTDRSS), both of
which will be standard NASA _ystems by the mid-
1980's.
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QUESTIONS AND COMMENTS

COMMENT BY: R. J. Thomas, Goddard Space Flight Center

DIRECTED TO: David Bohlin

I would like to add that the Shuttle Optimized Spacecraft
would be able to carry some very long instruments. In fact,
it can accommodate instruments as long as 4.5 meters, which
are considerably larger than those flown on the Skylab ATM.
The weight allowance for experiments is also large. Therefore,
SCADM will permit some major-sized lnsIruments on a long-term
free-flying spacecraft for the first time in the solar space
program.
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I  8'0 -1'7948
A SOLARACTIVITYMONITORINGPLATFORMFOR SCADM

KennethE. Kissell
Air ForceAvionicsLaboratory

David D. Ratcliff*
Departmentof Physics

Air Force Instituteof Technology

The SolarCycleand DynamicsMissioncalls for a dedicatedearth-

orbitingspacecraftseriesprovidingplatTormsFormultiplesensorsyield-

ing not onlyhighqualityphotospherirobservationsof solarvelocities,

magneticfields,intensitypatterns,luminosityand variousradiativeout-

puts,but alsomeasurementsof associatedparticleand X-rayfluxes. These

, datawould be obtainedby opticalas well as othertechniquesover a wide

range of the spectrum. As pointedout by P. A. Gilmanin his summarypaper

(Refl) of the SCADMStudy Group,the SCADMobservationsmust be nearly

continuousin timeand of longduration--mostor all of a solarcycle.

Gilmanalsonotes that"theoreticaland computationaltoolsand models

have now reachedthe pointthatquantitativemodelingo_ the globalcircu-

lationof the sun and its dynamoactionis withinreach,so that muchbetter

informationthannow existson globalsolarvelocities,magneticfieldand

intensitypatternsis neededfor comparisonswith suchmodels." Thesede-

taileddatafrom the SCADMspacecraftwill, however,see no more thanone-

half the globalsolareventssince onlyhalf the sun's surfacecan be seen,

by eithergroundor artho_bitalinstruments.When combinedwith optical

data from the SolarPolarMission(SPM)and otherwide-rangingout non-

opticalprnbes,three-dimensionalstructureof the heliosphereand terres-

trialneighborhoodwill result. Our papersummarizesa studymade in 1973

addressinga difterentapplicationof solar-monitoring,one which we suggest

has directbearingon the SCADMdata baseif it were implemented.

At the SeattleCOSPARneetingin Ig71,an informaldiscussionwith

the lateDr. Leende Feiterof Utrecht,Prof.P. Simon of Observatoirede

Paris,and Dr. P. Tanskanenof Finlandaddresspdthe 14-daygap inherent

in the solardataused to forecastsolar-geophysicalactivity. This
4
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"backside" gap is one specifically addressed by the Space Environment Ser-

vices Centre in Boulder in Ref. 2. Its elimination ....e,_idmaterially

improve th,aquality of 3 to 5 day predictions of .olaf ac1_vlty". We

suggest it would add great balue to the SCADM data base.

The following year one of us (DDR) undertook the ad4_tation of then-

current, proven space-probe technology to provide a Sol;_rArttvity Monitor-

ing Platform (SAMPL) which could be injected behi_;dtF,c.earth's orbitaI

position to give three to six days advanced r_,verac;eof ti_esolar pheno-

menon on the backside hemisphere which ;vouldsoon rr.,t._teinto view and

thus affect terrestrial activities. It would also pro._ide_e three-

dimensional discriminationwithin the ecliptic latitudes. _.;ebelieve the

study indicates that a relatively simple off-earti_probe could provide valu-

,_C,_,r,_program. The basicable data of very high quality for support of the _ _"

spacecraft concept is configured around two small op_i,,.', systems for mono-

chromatic imaging of either a whole hemisphere o_, ,.;;ti; ir.,:.rm_sed resolution,

of active regions. It might also incorporate sol_,r i_la_mp.+oqra_,hicequipment

using a non-dispersing polarimeter. We have nn, ,md,._"_.._.r.;:,_ desigr, concept

for such a magnetograph system. The SCADMspac .."_ .ill r.r_ed such a de-

vice, one which might fit the physical limitalie.,,,. _._ -._- L:.;C.!P[spacecraft.

Our 1973 key goal was a simple low-power, pa_.i'.,a ..-.,._; .'-. (,_ long life-

time and high stability, one which utilized hu_.,-"._ I,".. , c,< ,.,ission-

proven technology. A 1980's implementation w.: ": _ :'i,,_rai_., '_r.tter tech-.

nology in specific systems, but would not al :e, ..... - _'-'_-.. We see

this same concept of a probe, capable of trans,'i. ,,, :_otll high-

resolution video data of the solar surface an,i_.,.:, ,_. 'If' _1 _ _ of solar

activity as particle, X-ray, ultraviolet, an('.' ,'_,' _t "._,!._'sas in-

valuable to the SCADM program, particularly i_ _ ., ;_.,,._tsare

tailored to SCADM problems ano observation p,,.-_.,=

The Orbit

The basic SAMPL mission is illustrat_4 ; '".... _,n_cle posi-

tion, roughly on the far side of the sun, wr,_',.',, _he ':,,far

hemisphere invisible to earth. Combined with . '.....,,-,..,=_,:-observations,

almost the entire surface of the sun woul4 l.t.... .,-.... ,_, i_l._nre,pro-

vldlng data continuity for global solar re_,_,.'_ _',,'-,,,,_,,..r_.ftwere

truly on the far side, collinear with the ,:,_',.,.,:!,.'...,Jle .,hperspective
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would be poor,a disadvantageto _he solar forecaster. In order to provide

goodvideo datafor both the solarresearchand the solarforecasterwith a

sirglevehicle,a compromisepositionof the spacecraftshouldbe used.

Solarrotationdirectiondictatesthat the SAMPLbe placedat some lag angle

behindthe earth. Dr. FrederickWard of the Air _orceGeophysicsLaboratory

(privatecommunication)indicatedthat the satelliteshouldbe placedat a

120-degreelag angle in orderto benefitthe solarforecaster.

The spacecraftorbitshouldbe selectedSUCh that:

a. near-circularheliocentricorbitwith semi-majoraxis slightly

greaterthan l AU.

b. orbitplane in the ecliptic

Thiswill allow_low, regulardrift In solar longitudetrailingthe earth

withminimumenergyof escape/transfer.Ratherth._nstabilizethe vehicle

at a constantlag position,requiringanothermajor orbit transfermany

monthsafter launch,requiringadditionalcontroland _ehiclepropellant,

we suggestthata seriesof vehiclesshouldbe launchedabout threeto four

years apartand allowedto driftslowlythrough60-180degreelag angles

duringtheirlifetime. This orbltis depictedin FigureiB.

The Vehicle

The require_ntsand characteristicsof the missionplaceseveral

stringentconstraintson the SAMPLspacecraft. Lifetimemust be on the

order of fiveyears for reasonabledata return. The long-focusoptical

systemnecessaryfor vldeoimagingrequirestelescopepointingin the l-arc

-secondrange. It is desirableto meet this latterrequirementby pointing

the vehicleitself. The attitude-controlsystemshouldbe inherentlystahle,

evenwith a partialfailurein the activecontrolcircuitry. Finally,the

separationof the satellitefromearth by distancesup to 2 AL'constrains

the vehiclein two ways: First,the videotransmissionover long distances

requiresboth a high-gainspacecraftantennaand a relativelyhigh-powered

tran._mitter,100watts. The secondis radiotransmissiontime lag,up to

16 minutesfor a one-waytmp. About L_Ominutesmight be r_.quiredfor an

earth-basedexperimenterto respondto somethingseen in the data. A solar

flare can rise fromzero to maximumbrightnessin lessthan two minutes.

Thus, the satellitemu._tbe highlyautonomous,or ableto changeautomat-

icailyits sensorsamplingprocess,in order _o relayback importantflare

rise data. Figure2 illustratesthis communicationsconcept.
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Subs@stems

Postulated for the SAMPLspacecraft were subsystems for monochromatic

imagingof the sun at two nearbywavelengthsfor particle/photondetection,

for necessarydata conditioningand transmission,and for spacecraftstabi-

lizationsufficientthatthe final imagestabilizationcouldoccur in the

opticali_ging sensoritself. Only the ®tical imagingsensorsand the

stabilizationsystemconceptwill be discussedheresince all otherswere

adopteddirectlyfromother flighthardware. Table I givesa summaryof

the key subsystemsand theirsource.

TABLE I. SUB-SYSTEMSAND THEIREMBODIMENTS

Data Processingand Transmission: MarinerIX, 800 bits/sec,lOOg
High-GainAntenna: 2-n_terHarrisfurlable,27db ,

gain
Computer: OAO-C,64K core
Propulsion: UpgradedMarinerIX
OpticalSensor: SkylabAll(Varientw/Image

Dissector,2lcm4 f/16
ChargedParticlus: Small Sci Sat - Sj
X-ray/UV: OGO-F
Radio Flux: No Equivalent
Stabilization System: VehicleShadowModulated.

lladiationPressureBoombased
on CommandableGravity-
Gradient System.

A fro,tal view of the S_PL spacecraft main body is shown in Fig. 3

to indicate relative sizes and possible locations of important subsystems.
Opttcal Imaging Sensors

The optical imaging subsystem consists of two telescopes with narrow-

band filters and image-dissector tubes, a modification of the ATMtelescope

: builtfor the Skylabmission(Ref4). One of the SAMPL telescopeshas a

bandcenterat the 6563_ H_ line,while the other viewsthe sun in the

emissioncontinuu,_aboutS Angstromsaway. Sinceboth filtersare tempera-

turesensitive,the SAMPLfiltersare maintainedat constanttemperature

by a heatersystemwith feedbackcontrol. In a backupmode, the continuum

filtercan be thermallyre-tunedto the Hot band centerif the H_tele-

scopefails.

: The ATM telescope incorporatesa heat-rejectionwindowalongwith two .

phase-coherentFabry-Perotinterferometerfiltersusinga solidfused-

silicaspacer. This combinedfilterhas a 0.15Angstrombandwidthand a
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passbancl transmission of about SO percent. The ATMtelescope uses an f/4,

6.5-inch prirary mirror with a secondary mirror/fleld corrector lens com-

bination, and a transfer lens to give an overa]l speed of f/3_. Images

were recorded on ftlm.

The SN_PLtelescope proposed a vartent system using instead an f/2.4,

8.5-tnch primary mirror, secondary mirror and field corrector lens com-

bination to achieve an overall sp_ed of f/16.4. Transfer lenses are used

to improve filtering. The HTF of the resulting system is about 0.25 at a

resolution of 1 arc-second. Fig. 4 shows the video sensor.

The suggested imaging device is an image dissector with a 1.7-tnch

photocathode, magnetically focused and deflected with digital control.

The position repeatability of the scan can be better than 1 arc-second on

the solar image, and extensive scan programmingts poss';ble ustng the

spacecraft computer. The weight of the optical imaging system itself is

expected to be about 40 kilogram. The solar dtsk 411 subtend about 701[

I of the fteld of view a_,dwill be.stabilized to less than 1 arc-second.
Three modesof video operation are seen. The first is a scan of part

of the solar disk, extending from 4S-degrees north to south polar latitudes,

at a resolution of 2 arc-seconds. These boundaries encompassmost of the

| flare active regions which appear. The readout for a 2 arc-second element

interrogation rate of 140 elements per second is about 1 hour. This modeof

operation provides a general mappingof large solar activity regions once

or twice per day in normal circumstances.

A secondmodeof operation involves scanning a small raster whose

stze and location are programmableby commandor by the flare search mode
to be described below. The raster is scanned at the full resolution nf 1

arc-second and provides a detailed vtew of ltmited areas. The data rate

tn terms of resolution elements ts also 140 elements per second.

A third modeof operation, which might be called a "flare search"

modets actually a rapid, 20 arc-second resolution scan of the entire disk.

The output of the sensor can be sent to earth, but t t ts checkedautomati-

cally for the 20 arc-second regions tn which the brightness exceeds a pro-

, gramable level. If exceeclencesare discovered during the scan, which only

takes about 15 seconds, the normal scan operation can be interrupted and a

seriesof localizedrasterscans In the areas of interestbegun. This
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series of scans provides a time-sequenced view of the rise phase of flares.

This flare search modecan be interleaved into a normal raster scan period-

ically, and other data transmitted during the 1S-secondgaps. The original

scan can be resumedat the point of interruption.
Time-shared with the above modesare check scans of the solar limb

at cardinal points o1=the disk to check for spacecraft attitude drifts to ,)

both (1) stabilize the scan pattern and (2) provide input for the momentum

dumpto the radiation pressuru boom(Ref. 3, pp 45-48).

Radiation-Pressure Atti tude-Control S),stem

The SAMPLconcept requires of the atti+ude control system: (l) arc-

secondpointing accuracy, (2) inherent passive stability, and (3) five year

lifetime.. (1) is met only by the attitude-control systems on someobserva-

t_r_'-class spacecraft, systems using combinedreaction wheels and gas

thrusters, both 1;retiree-limited. No _xisting attitude-control system met

all three requirements, so a novel adaptation for an attitude-control system

was included in the study.

For inherent passive stability, attitude-control by torque interactions
between the vehicle and its environment must be used. Possible interactions

are solar wind aerodynamic torques, radi ation pressure torques, helt ocentri c

gravity-grad_ nt torques, and magnetic dipole interactions. Radiation-

pressure torques were found to be largest by a factor of 103. The adopted

design utilizes an adaptive array of reflectors on an arm extending radially

away from the sun behind the satellite (Fig. 5), operating in the samegen-

eral manneras an arrow in flight. Feathers at the end of an arrow apply

restoring torques about the heavy arrowhead. The boomreflector system

applies restoring torques about the vehicle center of masswhen the boomde-

parts from the solar radial. This restoring torque will "anchor" the boom

along the radial whena dampingsystem is added. Other reflector systems

provide roll-_xis control and null any static radiation pressure assymetrtes.

The concept was based on two well-established systems, the DeHavtlland boom

and the CommandableGravity-Gradient Systemdeveloped for attitude control

on one of the ATSvehicles (Ref. 5). In the COGGSsystem, the boomis

attached to the satellite by a two-axis free pivot with torque motors about

each axis. With this arrangement, attitude position and rate errors can be
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transferred from the ;.'e_".:.e_o the boom by the torque motors. A boom

used in this manne_ is (-:_,.-:_.,reaction boom whose theory is found in

2ef. 6. The reactior,DOOm concept in SAMPL provides rapid, dynamic cor-

rection of attituc:Ee,-T_'.-.._s_,ncef radidtion pressure to align the bc._m.

rather than grav,_, qrac-e',,_.

Whea,provis;.J_,].,c ,:a_e,_orpassive damping by thermally actuated

tabs on the beom re_:<_t._ o_e _Ing when a disturbance displaces the

reflectors from t,,ep.'._.L.,_1 .i_J_OW,any disturbance can be damped to

I% in 24 hours. :,(q .'_,'->.,.-,-_e_larger than lO arc-seconds are anticipated

after initial ven,,':_Q,_;,cj,L,entand trim. Extensive analyses are found in

Ref. 3.

Application to SC_,L.:._'.

The SAMP[ _n_,.'-._ . _rovide mapping of active regions on an

hourly basis wit__ _,-. , --:. :;resolution. Telemetry data rate limits

the repetition _:_'.:.e.,,. , q_.._)ationof a spacecraft bubble memory

system (on reliabi-:- ,,._:,tsno image recorder was included in our ori-

ginal concept) _vc_,_..:,,,or;:::=chronizedobservations to be stored and trans-

mitted later _ _F,_cry,,,..... ,.... _.,.'required special, coordinated data col-

lection.

The SA_!_ _'.,_,., be made more complex by adding other op-

tical sensor_ _; .:'_. '_., ,t_;s,e.g., He 10,830A, UV or Zeeman triplet

lines for polariz_,,c,..:;.ai;_;:'-_magnetic fields. It is not clear that a

totally passive '.....,. r..r,hcan be effected without introducing com-

ponents with qu,:_• ..,-,'.-,",. ,i]ity. A series of SAMPL spacecraft c.ould

add materiali.,_ , _';.q:'ee-dimensionalcharacter of the SCAI)M

program. Th,__ .. .sure stabilization system might also be

found attract:w_ : ,o; of a sun-referenced spacecraft at syn-

chronous altitu,!c .,_,_,'ovidepassive stabilization to a few arc

minutes against '.,Lr. ..',_enttorque.

RI'PRODUCIBILI'LW OF THE
ORICINAI, _=,_,,,,_'_'" IS POOR

4

51

1980009682-055



References

I. P. A. Gilmn, Dynamicsof the Solar Interiorand the Solar Dynamo
(BackgroundPaper for SCADM).

2. COSPARInformationBulletinNo. 74 (Dec1975),pp 7-11.

3. D. D. Ratcliff,"Feasibilityof a Deep-SpaceSolarActivityMonitoring
Platformwith VideoCapabll!tj'",Thesis,GEP/PH.'73-18(June1973).

4. Perkin-ElmerOpticalGroup,NuarterlyProgressReporton ATM Hydrogen
Alpha Telescope,Norwalk,CO (April]968).

S. J. A. Gatlin,et al. Journalof Spacecraftand Rockets,6, pp 1013-18
(Sep 196g).

6. W. W. Hooker,et al. Journalof Spacecraftand Rockets,_, pp 1337-43
(Nov 1970).

........................

..,,, _ ",, _ .C;__?'_/"/

FigureIA. SAMPLMissionOrbit ,,_,.......eC._ ._,"'...:"

Configuration _;:_':_-"

_ "_--_--- brtbOHJlt

FigureIB. ExteriorTransferRecom-
mendedfor SA!.PLMission

Figure2. SAMPLMission
CommunicationsConcept

52

1980009682-056



o ,

Figure 3A. SAMPL Spacecraft Body
Detail Showing Locations
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With Thermally-flexingDampingReflectors.
Boom Length: 33 meters.
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PROBLEMS OF INTER/OR STRUCTURE, THE SOLAR DYNAMO

AND THE ROLE OF SCADM IN PROVIDING INTERIOR DIAGNOSTICS

Nigel O. Weiss

Harvard-Smithsonian Center for Astrophysics*
Cambridge, Massachusetts 02138

i. INTRODUCTION

The last ten years have seen an explosive increase in high-resolution obser-

vations of solar magnetic fields--from ground-based observatories and from space,

in the visual, infra-red and X-ray ranges. Small scale magnetic fields, global

oscillations, X-ray bright points and coronal holes have all been discovered. For

the first time we are able to see the fine structure of magnetic fields at the surface

of the sun and this tantalising wealth of information leaves me feeling that a decent

understanding of solar magnetism can be attained within the next decade. Theory too

has also made considerable advances, though it still lays behind the observations.

As E. N. Parker has told us, "Nature is far more inventive than we are." Neverthe-

less, I remain optimistic. Turbulent behaviour is difficult to describe but I believe we

shall discover how to pose questions that can be answered with sufficient precision to

allow us to explai_i the weird behaviour of magnetic fields in the sun. It is reasonable

to expect tha_ the next ten to twenty years will produce an adequate theory of the solar

cycle (which seems to me the principal problem of solar physics) and its relation to

activity at the photosphere.

Dr. Noyes has already mentioned some aspec_ of our understanding of the

sun' structure, of motion in its convective zone and of the solar cycle. In this review

I shall attempt the difficult task of outlining what we know, what we do not know and

what we would like to know. We naturally hope that SCADM will answer these last

questions but I shall leave it to Dr. Brown to distinguish between those observations

that are best made _rom the ground and those that must be made from space, in the

time available I have necessarily to be selective in what I say; so I hope that nobody

will be offended by omissions.

Q

*Permanent address: Dept. of Applied Mathematics and Theoretical Physics,
University of Cambridge, England
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2. -SOLAR VARIABILITY

We seem to prefer to assume that the sun is immutable or if it varies, that

the variations must be regular. Thus the variability of the solar cycle has only

been accepted with reluctance. In fact one should expect the solar dynamo to oscillate

irregularly; even simple nonlinear systems show aperiodic oscillations, characterized

by the presence of "strange attractors" which are currently a fashionable topic for

mathematicians to investigate. Looking back over sunspot numbers we can see a

glltsch around 1800 and, of course, the Maunder minimum in the seventeenth century.

The record can be extended by using anomalies in C14 abundance, which are correlated

with the envelope of solar activity. The Maunder minimum, the Sparer minimum

of the sixteenth century and the grand medieval maximum are typical of a pattern of

behaviour that has. prevailed for the last 7000 years and so. presumably, for most of

the sun's lifetime on the main sequence.

There is increasir, g evidence for fluctuations in the solar luminosity. On a

timescale of days. the old APe measurements show increases and decreases in the

solar constant corresponding to the appearances of faculae and sunspots. Rocket

and satellite observations suggest that the solar constnnt increases from sunspot

y:.,inL-_,umto sunspot maximum (though the surface temperature appsrently goes down).

Long term changes, associated for instance with the Maunder miminum, have been

suggested as causes of climatic chan?e on earth.

The sun's rate of rotation also varies slightly with the solar cycle and analysis

of early observations indicates that differential rotation was much less during the

Maunder minimum. Eddy has recently presented yet more striking evidence for

solar variability: measurements of the sun's diameter made at Greenwich from

1840 to 1950 show a slow decrease at a rate of about 0.1% per century. Observations

at the Naval Observatory in Was _'_gton show a similar shrinking in radius, which

is consistent with discrepancies in the description of a sixteenth century eclipse.

There may be some different explanation for these results, and the rate of change

certainly could not have been maintained for thousands of years. Nevertheless, we

must accept that, over its history, the sun may have varied far more than we would

surmise from contemporary observations.
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3. SOLAR STRUCTURE

For reasons of simplicity nearly all solar models are spherically symmetrical.

These models are obtained numerically by evolving a model star of one solar mass

from the zero age main sequence for 4.7 5 x 109 years and requiring that the present

radius and _uminosity be reached. Fortunately there are just enough parameters to

provide a consistent result. In these models energy is generated by burning hydro-

gen to form helium (the p-p reaction) at the centre of the sun. This energy is carried

outward by radiation for about 70% of the solar radius but the outer part of the sun

convects. Current estimates place the base of the convective zone at a depth of about

200, 000 km, where the temperature is 2 x 106K, but this depth is poorly determined.

There are some additional chew'ks. Lithium. which burris at 2.4 x 106K, is

largely depleted at the solar surface, though beryllium, which burns at 3.5 x 106K,

is not. Thus the convective zone cannot be too deep. and must have beneath it a region

with slow motions capable of providing some diffusion of Li and Be. In addition, there

is the well-known neutrino problem: the lack of neutrinos shows that some part of

the conventional picture is wrong, though it is hard to establish where the error lies.

The best prospect of improving our knowledge of solar structure comes from

"solar seismology." Geophysicists have identified over one thousand normal modes

of the earth, which are excited by earthquakes, and used their frequencies to deter-

mine the earth's internal structure. Similarly, the apparently irregular motion of

the solar photosphere can be expressed in terms of the sun's normal modes of

vibration. The 5-minute oscillations have indeed been shown to be global pulsations,

corresponding to acoustic (or nonradial p) modes. Deubner's observations have

established the structure of these modes in the K-_ plane (where horizontal wave-

number is plotted against ang-_ar frequency) and distinguished between modes with

differing numbers of radial nodes. The amplitude of a node peaks at a particular depth

(roughly where _/K is equal to the local sound velocity) and so the modes can be

used to probe the sun's internal structure. Deubner, Ulrich and Rhodes have found

excellent agreement between the observations and predicted values for a solar model.

More refined observations will yield more precise information about the structure

of the convective zone.
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: Longer period solar oscillations have also been reported, though they are

more controwrsial. Periods up to about 60 minutes (which is the period of the

fundamental p mode) have been detected by the SCLERA experiment and Hill has

recently shown that phase is maintained for many days. A persistent oscillation

with a period of 160 minutes was discovered at the Crimean Observatory and con-

firmed by groups from Birmingham and Stanford. The precise nature of these

modes is unclear but they seem likely to be g-modes (corresponding to gravity or

inertial waves). If their spatial variation were es_blished such modes could

provide valuable information on the structure of the sun's deep interior.

4. VELOCITY PATTERNS

The solardynamo depends on thecomplex interactionbetween motion and

magneticfields,so a descriptionof thevelocityisa r.ecessa_,preliminarytoany

understandingof thedynamo. Let me firstsummarize theobservationsof rotation

and of convectivemotion. Rotationcan be observedby Dopplershiftsfor photospheric

plasma or by followingsurface,tracers. The rateof rotationofmagnetic features

increaseswiththeirsize: Sunspotsrotatefasterthanphotosphericgas and coronal

holesrotatefasterthanthe sunspots. A more precisemethod of probingsubsurface

rotationistoutilisetherotationalsplittingofnormaJ modes. This splittingcorres-

ponds to thefactthateach mode islocalisedat some depth (asdescribedabove)and

reflectstheangularvelocityat thatdepth. Iftheoscillations9_e resolvedinto

esstwardw_l westward propagr;r_ waves, theslightdifferencem frequencybetween

thesewaves reflectsthevariationinangularvelocitywithdepth. Deubner et al.

findthattheangularvelo¢i_"incres_sesdown toabout15000 km depthbut better

observationsare needed to improve on thisresult.

At thephotospherewe see two discretescalesof cellularconvection,the

granules(witha diameterof about1500 kin)and supergranules(withdiameters of

30000 kin). The interactiovsof magneticfieldswiththesepatternsofmotion can

be directlyobserved. There ismuch evidence,principallyfrom Mt. Wilson, sugges-

tingthepresenceof largerscalepatternswithvelocitiesoforder 10 m s-1 and length

scalesof severalhundred thousandkilometres. Itis,however, difficultto provide
I

definiteproofthatsuch giantcellsexist.
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Theoretical steadies of convection and rotation have made great strides forward

recently, largely owing to the simulation of hydrodynamic flows on big computers.

It is easy to explain the prese_.ce of granules in a boundary layer where all scale

heights are small and the ionization of hydrogen takes place. Yet there is still no

adequate explanation for the existence of supergranules. On the other hand. all

studies indicate that there should be large-scale, energy-carrying convective cells

that extend through the full depth of the convective zone, with a characteristic time-

scale of the order of a mopth.

The effect of rotation on these cells has received much attention. The pre-

vailing opinion is that in the equatorial regions cells should be roll-like with axes

parallel to the rotation axis of the sun. The existence of such rolls has been demon-

strate_, both theoretically and experimentally, by Busse. Whether th_s "c,"-" idge-

belt" pattern has been observed in the sun is much more dubious.

Nonlinear convection in a Boussinesq fluid, confined between two rotating

sph.erical shells, has been studied by Gilman in a series of numerical experiments.

There is a tendency to form elongated cells in these computations, and the sun's

equatori,< ,qcceleration can be reproduced. However, the effect of turbulence in

mixing angt:lar m_mentum and angular velocity remains uncertain. Moreover,

compressible convection has yet to, be properly faavestigated.

5. MAGNETIC FIEIA)S

The range _,t' fields observed in the sun has advanced considerably since the

time of llale. As well as .;unspots there are a_,tive regions and complexes of

activity, ks res.luti{,n has improved smal!,_r and smaller features have been discovered.

Over all this range it seems that flux emerging from the la_Otosphere is concentratad

into discrete tubes (or tel:, s) and there Is as yet no evidence for the existence of a

weaker background field.

Active regions are the best known mag_atic features. _elr systematic

behaviour (emergence in sunspot zones that migra_a towards the equator, oppvsite

polarity in nor[hera and southern hemispheres, reversing every 11 years) dafinas
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the solar cycle. Outside active regions, ahnost all the magnetic flux is contained

in the network, which outlinos the boundaries cf supergranules. When viewed with

sufficient re3oluticn, _'e network itself is composed of small flux concentrations

(typically around 3 x 10 _#mx, where a maxwell is the unit of magnetic flux and

1 mx= 10-4 Wb). These small scale fields are typically intergramllar and make up

the filigree which can be observed from the ground only when seeing conditions are

ex_ptionally good.

m_,,,_above ........,v_r_ ouly to the instantaneous field conf;guration. It is important

also to fo|owthe emergence o_ fi,,__,through :be photosphere and into the corona. Here

again there is apparently a continuous spectrum, from active re_ions ( 1022 rex)

down to the limits that can be seen. Smaller concentrations of flux, called ephemeral

active regions (EARs), are seen in magnetograms but it is difficult t_ identify them

unambiguously without synoptic coverage. Soft X-ray observations provide a less

subjective means of noting flux as it emerges, for the expanding field lines produce

enhanced X-ray emission from the corona. Tl,ese X-ray bright points (XBP) were

systematically observed from Skylab and have substantially enhanced our understanding

of magnetic fields in the sun. The spectrum of emerging £h,x peaks towards small
19

scales (the rate of emergence is greatest at 10 rex, the limit set ' y resolution)

and more flux emerges on small scales than as active regions. The Harvard/AS and E

group finds XBP at all latitudes, with a greater concentratio_ at the equato . More-

over the rate of emergence of flux (as shown by XBP) is greatest at sunspot minimum.

as Dr. Davis will explain. The Skylab period included a single event, over the whole

solar surface, with XBP associated'with the emergence of vigorous activity (this will

b_. described by Dr. Goluh). Although magnetograms are essential for any study of

solar magnetic fields, soft X-ray imag_s prn,_ao !m,.__rtant c×tra information.

Finally, we have learnt more about lai_ge-scale fields since 1970. Decaying

active regions can form large unipolar regions. Within th,.,se r_gions sorre field

lines are open, exmndmg into interplanetary space. Coronal holes are fotmd to

coincide with open fi_.ld lines, and their relation to interplanetary fie_ds }_as b.:en

lntonsively studied. In particdlar, Levine has shown that the mag_ctic sector pattern

can be deri,,ed from the large scale structure cf s,. _othed-out photospheric fields. i
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_. DYNAMO THEORY

Despite some attempts to r_vl_e the oscillator theory, it is generally asre_

that the solar cycle must be driven by a hydromagnetic dymuno in d_e convection

zone. The basic concept of the dynamo has not chanssd since Parker's original

paper. An initial poloidal field is drawn out azin.uthally by differential rotation

(so producing the field that erupts in active regions). This process is eaHy to grasp ;

the next stage, producing a reversed poloidal field from the azimuthal flux, is more

subtle. Parker proposed that this he effected by cyclonic eddies with a preferred

sense of helicity. Since then, the developments of mean field electrodynamics has

yielded a variety of so-call_d _ w dynamos based on the combination of heliclty

(the (_-effect) with differential rotation. These models r_produce the main features

of the solar cycle: the formation of strong toroidal fields that migrate towards the

equator and then reverse for the latter half of the cycle. With suitable timing, a

plausible butterfly diagram can generally he obtained.

The success of these kinematic models, where the velocities are pres_riimo,

has led to some exaggerated claims. The fully magnetohydrodymmmic dynamo problem,

including the forces exerted by the fields themse!ves, is much more difficult and

] work on it has only just b_g_n. Within the last fe'_: months G|lman has inclu_ied
magnetic fr,elds in. s m-merical experiments and obtained dynamo action_but the

details are very different from tho_e envisag_d in mean field electrodynaruics.

That theory relies on approximations whioh cannot be justtfisd for motion in the sun;

so the results, though qualitatively valuable, are not reliable in detail.

Theoretical studies of vifiorous convection in a magnetic field show that

magnetic flux ends up confined to ropes at the boundaries of convection cells and

this result accorc;s with the discrete flux ropes found at t_e surface of the sun.

Any accurate treatment of the r_olar dynamo therefore involves the interaction

between these flux ropes and the convective motion. This p_,ass a formidable

theoretical problem, where observations can offer vabmble guidance.

An alternative picture of the solar dynamo is that the main effects occur at

the base of the convective zone, where convection is less vigorous and the fields
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can be more diffuse. There the interaction depends crlt/cally o,1 the effects of

malpmt/c buoyancy, wh/ch has not yet been incorporated In any nouUnear calculat/on.

From t_ thsoretlclan's point of view, the dynamo probien_ remains as difficult

u ever. We need gu/dance from observations, as well as access to Crays and

other Isrp computers. Still, I am confident that the problem can eventually be cracked.

7. WHAT WENEEDTOKNOW

The o_ervations we need are listed below. Some d these may be made from

the IP_md but many, as Dr. Brown will show, can only be obtained from space.

Global mmmrtles: The solar lumlnost_y(Ls) and radius (R.) must be measured
precisely, so that variations of order 10 .3 L over _ r_rlod of 11 years can

.@

tm de_cted. Experimental checks on the apparent shrinking of the solar

radius are also needed.

¢eelllatlons (p and E modes): lh_clse measurements are needed for periods from

I minute to at least 160 minutes. We need enough precision to resolve

individual modes of the 5-minute oseillatlons and i_ confirm (hopefully) the

reality of the long period oscillations. For the _tter it is also essential to

establish spatial strtwlm_ so Umt the modes san be properly identified.

Velool_s: Variation of rotation with t/me san be ob_rved dir_-tl, y; variation with

dopth must be derived from the 5-minule oaclllathms. Large scale merSdlonal

circulations (rel_orted by Beekers) and patlmrns eorrespondlng tn giant cells

require observations with an aceuracy of at least 10 m s -1, extending oar

se_m-al months.

MaDetie flsids: The fields in active regions and the network must be mapped !n

and nslatmd to the patlmmw of larle scale motion. (For this pm'po_

'.t Is not nocossary to resoles the fine struct_e of inttrgranular fields. )

This rr quires synoptic coverap from malPmtolPrama. At the same time,

X-ray observations are needed to detect emerging flux and large seals struelnres.
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In summary, continuous observations with sufficiently high resolution are

needed In order to reveal the relationship between magnetic and convective

struchn_s. Such a program requires a combination of ground-based observations

with others made from space. This overall program should cover a whole ll-year

cycle. In particular, it is important to be ready by sunspot mInimum (not later

than 1985). Experience from Skylab shows that much more can be learnt when

fields are relatively simple--for instance, the famous coronal hole could never

ham appeared at sunspot max/mum. Further, tLe Skylab period covered a unique

event which lasted for six months. In order to establish whether this behaviour is

typical it would be necessary to maintaIn magnetograph and X-ray observations for

about two years.

So we need to have a grand collaborative program. Theoreticians and obser-

_rw must work together to define objectives and understand results. Careful

planning is needed to isolate those observations that must be made from space with

SCADM. Moreover, a sustained commitment from the whole solar physics community

is needed to ensure success. I believe that the scientific gsins ;wuld amply justify this

effort and I hope it will be made.
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QUESTIONS AND COHMENTS

COMMENT BY: J. H. Thomas, Unlverslty of Rochester

DIRECTED TO: N. Weiss

You mentioned the importance of posslble varlatlons of the
S-in's radius. In addition to the long-term decrease in solar
radius discussed by Jack E_dy, there is the possibility of a
cyclic chanEe in solar radius over the solar cycle which I dis-
cussed in my paper yesterday (session on Solar and Stellar Var-
iability - see abstract in these proceedings). SCADM offers an
excellent opportunlgy to determine whether such a variation of
radius with solar cycle does occur. Ground-based measurements
of the absolute solar diameter are plagued by differential re-
fraction, seasonal variations, and other atmospheric effects;
thus, space meisurements are particularly desirable. The solar
luminosity, radius, and surface temperature are intimately re-
lated; it seems to me we need to monitor all three quantities
to understand solar variability.

i
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X-RAY BRIGHT POINTS AND THE SOLAR CYCLE

• DEPENDENCE OF EMERGING MAGNETIC FLUX

,ohnM. -179 50
American Science and Engineering, Inc.

955 Massachusetts Avenue

Cambridge, Massachusetts 02139

ABSTRACT

SoftX-ray imaging of the solar corona during the period 1970 to 1978 has re-

sulted in significantmodificationsto our view of the solar cycle with respec_.tc

both the propertiesof the large scale (coronalholes) and small scale (X-ray Bright

Points) solar magnetic field. In the lattercase the particularcontributionis to the

emerging magnetic flux. Sounding rocket observations combined wlth the Skylab

data indicatethat the XBP are anticorrelatedwith sunspot number and are the domi-

nant contributorsto the totalemerging flux spectrum during allbut the maximum

phase of the solarcycle. A continuous data set covering a complete cycle would

enable the vaDdlty of this result,which has serious implicationsforthe nature of
0

the solar " "too,to be confirmed.

I.0 INTROu ION

Since the early sixtiesNASA has supported a program of high spatialresolu-

tion solarX-ray astronomy at AS&E. One of the prime objectives of this program

has been the study of both the large and small scale variationsoccurring in the

corona during the ll-year sotarcycle. The studies have used the data from sounding

rocket flightsand Skylab; the latte_providing a major contributionby establishing

a baseline against which the sounding rocket observations tan be compared.

During the firstdecade of the program major advances were made in the fabrl-

(:at/ono_ the X-ray optics, in the preparationof the broadband filtersused to select

the various softX-ray wavelength ranges and in the development of suitablephoto-

graphic emulsions which are used as the recording medium. These three ureas of

development had allreached fruitionby 1970 and produced for the firsttime the

high qualityX-ray images to which we have now grown accustomed. A panoramic

relm'esentatlenof these _ta is shown in Figure I where images from 6 rocket
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flights and 3 representative Skylab photograph_ are combined. The images cover

the period 1970 to _97_, and show all the phases of the solar cycle except solar

maximum, for which period no images of comparable quality exist. The combination .

of high resolution and sensitivity has reve6ied many new phenomena of which two

have a direct bearing on the cyclical behavior of the solar magnetic field. The

unique contribution of the X-ray images has b_en to clearly and unambiguously

identify phenomena whose signatures, although present in the records of the photo-

spheric magnetic field, tend to be obscured by a wealth of confusing detail.

4." CORONAL HOLES AND X-RAY BRIGHT POINTS

Historically the first major result of the program was the unambiguous identi-

fication of coronal holes foUowed by the recognition that equatorial coronal holes

were the elusive 'M-Regions' which give rise to geomagnetic storms by their in-

fluence on the velocity pattern of the solar wind. Although coronal holes had been

tentatively identified earlier on the basis of ground-based observations (Waldrseier,

1957) and low resoluttQn X-ray pird_ole and XUV heliograms (Russell and Pounds,

1966; Austin eta___!l., 1967), they attracted little interest primarily because they

wets not clearly defined entities. However, three different groups reintroduced

the subject almost simultaneously (Altschuler etal._._.., 1972; Munro and Withbroe,

1972; Krieger et al..__., 1973) just _ior to Skylab. The subsequent high resolution

X-ray images obtained during Skylab ignited a general interest in the study of

these indicators of the large scale structure of the solar magnetic field. Several

categories, based on their heliographic location, are known each having _ charac-

teristic relationship to the solar cycle; for instance, the recurrent equatorial holes

are present only during the declining phase of the solar cycle, while the polar

holes are always present except perhaps durL'_i solar maximum. JUthough coronal

holes can now be identified from ground-based observations, notably the He 10830

line, the reconfiguration of the magnetic field which occurs as their boundaries

expand or recede _s best studied with X-ray or XUV observations.

The X-rQy observations have also shed light on the small scale structure of

the magnetic field following the observation and classification of the features known
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as X-ray Bright Points 0_BP). XBPs are small, compact, short-lived, magnetically

bipolarregionswhose sizeand lifetimespectrablend intothe correspondingactive

regionspectra.

Theirmajor significanceresultsfromtheiridentificationas sourcesofemerglnc.

magneticflux. The relationshipofXBPs tothe generalsolarfieldis st111notunder-

stood. However what isclearisthatthe emerging magneticfluxassociatedwith

XBPs differsradicallyfromthatassociatedwith activeregionsinatleasttwo ways.

The first,discoveredfromthe Skylabobservations,isthattheXBP are distributed

more ozlessuniformlyoverthe solarsurfaceinsharpcontrasttothe activeregions

which arelimitedtotheequatorialband (Golubet al__.,1974, 1975). The observa-

tionsdo suggestthattherearetwo components tothe brightpointdistribution,one

associatedwiththe activeregionlatitudesand the seconduniformlydistributed

overtheentiredisk.

The sccond differenceistheirvariationwith the solarcyclewhich appears

torun countertothewell-known sunspotcycle.

3. THE SOLAR CYCLE VARIATION

A basic limitation of the Skylab study was that it covered only a short period

(8 months) of the solar cycle and consequently the conclusions drawn from this

period may not be typical of solar conditions throughout the ll-year cycle. To

augment these data, four sounding rockets have been flown since Skylab and in

particular two flights were made in September and November 1976 close to solar

minimum. On both these occasions the X-ray images revealed that the corona was

composed of low-lying weakly emitting structures, interspersed with very large

numbers of XBPs. Coronal holes were visible at both poles, however, there was

no evidence of the large equatorial holes which were so characteristic of the de-

clL'_tng phase.

The most obvious and striking d_fference was the large number of XBPs. In

order to compare their number with those from the Skylab period, the relative ef-

ficlenclesofthe two rockettelescopeswere evaluatedand compared to the Skylab
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telescope. Using these ratios the closest comparable rocket exposures were

selected and were used to establish the bright point counts.

The major result of the investigation is shown in Figure 2 where the relative

numbers of XBP in 1973 and 1976 are compared (Davis et al__., 1977). The 124 daily

averages from 1973 are plotted in the form of a histogram showing the frequency of

occurrence of each number count. The histogram apprc_imates to a Gaussian dis-

tributton, eventhough there were persistent non-random vari_ t__ons duri_g the eight

rotations observed, and the mean (39) and its standard de_ation (_ 3) have been

used to characterize the distribution. The values observed in 1976 are indicated

by arrows and lie well outside the range of values recorded in 1973.

After scaling the 1976 values are " +_8 and 75 +_9. They are both consis-

tent with a substantial increase !u T_,e nun_er of bright points occurring between

1973 and 1976. In fact the average of the two 1976 observations, 83, is 110 per-

cent higher than the combined average, 39, of the 1973 data. Under the assump-

tion that the data from both 1973 and 1976 belonqs to the same Gaussian frequency

distribution,the probabilitythattwo random observationswillresultinthe 1976

value isfoundtobe I in5 x 106. Even usingthe lower bounds forthe 1976 obser-

vatlons,thusmaximizingthe probability,the chance ofmaking the observations

isstillonly I in2 x 105. We realizethatbecause ofdeviationsfroma Gaussian

distributiontheseprobabilitieserenot strictlytruebuteven so the inescapable

conclusionremainsthatthe 1976data belongto a differentfrequencydistribution

with a higherraeanvalue.

InFigure3 we show thelatitudedlstrlbuclonofXBP seen on thetwo 1976

images, compared withthe ].973average. The 1976 data show much largererror

bars sinceonlytwo photographswere availetle.However, itisclearfromthe

figurethattherewere more XBP at alllatitu_le,s in 1976than in 1973,withthe

possibleexceptionoftheextremepolarlatitudeswhere the statisticalsample is
e

small, Thus It is clear that the emergence of small-scale magnetic flux regions

at solar minimum does not follow the pattern set by the larger active regions.

Unfortunately, further det_Us of the behavior within restricted latitude Intervals

cannot be deduced because of the limited statlsttca of the data sample.
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The increase in the number of XBP is even more significant when -gmpared

to the changes in the other indices of solar activity between 1973 and _.'76. For

instance the average relative sunspot nur_uber, Rz, for the Skylab per!c_], May to
November 1973, was 35 whereas uhe index for lanuary to December )._76 averaged

13. Thus while the sunspot nu_nber has decline d by a factor of 32 the number of

XBPs has increased by over a factor of 2. The implication of this result is that

XBPs vary out of phase with the solar cycle as measured by the usual indicators

of activity.

To explore this possibility furuher we have reexamined data from the older

rocket flights going back to 1970 and the two other post-Skylab flights. Following

a careful calibration program to compensate for _,e instrumental differences, a

consistent pattern of anticorrelation between sunspot number and bright point count

is found. The data are summarized in Figure 4 where we show the variation with

time of R and XBP number, both normalized to x,_aximum values of 100, over the
Z

last sunspot cycle, It is apparent that the variation in XBP count is close to 180 °

out of phase with R . This demonstrates th_,t XBP must represent magnetic fluxz
which emerges independently of the active regions. For if the emergence of XBPs

was somehow associated with the emezgence of the larger active regions (e.g.,

if the XBP represented either precursors or remnants of the larger active regions),

then the bright point count could not lead or lag Rz by much more than the charac-
teristic lifetime of the flux associated with the active regions (~ 6 months).

Instead the observed phase lag is closer to 6 years, Therefore, in order to de-

termine the total magnetic flux emerging at the solar surface at any time, it is

necessary to sum the magnetic flux represented by the XBPs with that represented

by the active regions.

4. I_PROTANCE OF THE RESULT

The last conclusion, that in order to determine the total magnetic flux emerging

: from the solar surface, it is necessary to sum both the XBP and active region corn- •

ponents, provides the significance to the observations. For now, the possibility

exists that the amount of magnetic flux emerging throughout the cycle is constant

or even that the total increase s at solar minimum.
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Comparison of the X-ray data with high resolution magnetogram_ shows that
19

on average XBP emerge with 2 -3 x 10 Mx of flux (Harvey et al. 0 1975; Golub

et____., 1977). Although this is more than an order of magr'*ude less than for

active regions, because of their large number, XBP contrib_ted 80 percent of the

total of all emerging magnetic flux at the ttne of the Skylab observations. Under

the assumptions that the XBPs seen in all of the rocket flights are physically the

same so that the characteristic value of 3 x 1019 M per bright point can be usedx
for all the data, and that the sunspot index R may be used as a relative indicatorz
of the amount of flux emerging in the form of active regions throughout the solar

cycle, it is possible to proceed to estimate the relative contributions of XBP and

active regions to the total magnetic flux spectrum of the sun during the period 1970

to 1978. By taking the 1973 fraction of 80 perceh_ a- a base, we estimate that ~ 40

percent of the total magnetic flux In 1970 emerged in the form of XBP. The contri-

bution of XBPs to the total reacheda peak of-95 percent in 1976 and has since

declined to about 70 percent in early 1978. From this analysls we conclude that

XBPs make a substantial contribution to the total emerging magnetic flux spectrum

throughout the entire solar cycle and are the dominant contributors throughout the

declining, minimum and ascending phases.

5. CONCLUSIONS

High resolution X-ray images of the solar corona contribute to the study of

the solar magnetic field by revealing, in a unique manner, the topology of the ex-

tension of that field into the corona. It is extremely difficult, ff not impossible,

to obtain this information in other ways, for instance by _xtrapolating the mea-

surements of the photospheric magnetic field because this requires theoretical

modelling, e.g., potential field calculations, which results ln. at best, an

approximation to the real situation.

The X-ray images, although recorded only during brief interw'.ls over the Jast

decade, have revealed two new facets of the behavior of the solar magnetic field

which must be explained hi any comprehensive theory of its origin and v_rtabUity.

In particular It has been learned that XBPs represent a dominant feature of th_
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emerging magnett_ flux spectrum through the majority of the solar cycle. In fact

they display a counter cycle to the better known sunspot cycle and at this time the

relative importance of the two cycles to the actual description of the solar dynamo

is not known. Because of the limited number of data samples, the statistics of the

observations over a s,_lar cycle are not high and other contributions of XBPs to the

complete picture of the solar magnetic field almost certainly m n'_in to he _liscovered.

An example is their latitude distribution which is known to differ markedly from that

of active regions but whose possible cyclical variation ts completely unknown.

In this context the SCADM mission _resents a unique and valuable opportunity

to obtain an uninterrupted, long dur_*.lon sa,uple of coronal observations. In the

recording of these data, the value of high sensitivity, high resolution observations

cannot be overer_phasized. For although both XBPs and coronal holes are visible,

in retrospect, in the X-ray images made prior to 1970 their :mp_Lrtance was not

realized at the time because the lack of definition in the observations did not allow

a positive and unar lguous identification to be made. Since the coronal observa-

tions wUl sUll be to some extent exploratory, the preliminary planning tor the

SCADM spacecraft mu_t reflect the requiroment for imaging data with comparable

quality to those _f current rocket programs.
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FLgure 1. Coronal X-ray observations during the period 1970-1978,
A collection of images #ore sounding rockets and $kylab.
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Figure 2. Daily X-ray bright point counts. The curve is a Gausslan
distribution _tted to the 1973 data.

8 i',. l

]I"_ "'_, Ig?_

1

O 20 40 60 80 r.

LATITUDE ( N* S )

l_'igure 3. The latitude dlstributton of X-ray bright points in 1973 and 1976.

.oL / \ /\

,oi ! /_, / , . J(
= ', i --_I.,./" ",, W "....

i I'" """ '
1954 _ 66 TO T2 7e ?6 78 80

CALEN0,_RYEAR

Figure 4. Variation of *.he number of X-ray bright points with the solar cycle.

v

73

1980009682-077



[" 80 -1,7951
X-RAY BRIGHT POINTS AND THE SOLAR CYCLE

t

by L. Golub and G. S. Vaiana

Harvard-Smithsonian Center for Astrophysics

Cambridge, Mass. 02138, U.S.A.

Abstract

Soft X-ray filtergramL show the presence on the Sun of

numerous saall, closed regions of coronal emission. These features,

called "X-ray bright points" correspond to topologically closed

short-lived regions of emerging magnetic flux. As a function of

size or lifetime t._._yform a broad spectrum of activity which is

continuous with the ac'-ive regions. The shape of the Sun's

activity spectrum is su-_h t,hat the majority of all megn_etic flux

emerging at the surface ,:ome,._in the form of bright points, i.e.,

regions living less than two days.

Examination of soft X-ray data obtained from 1970 to 1978

shows t_t the number of bright points appears to be anticorrelated

with traditional activity indices, such as sunspot number; the

anticorrelation persists after corrections are made for obscuration

by active regions. Comparison of X-ray data with KPNO magnetograms

shcws uhat to within a factor of two, the average total amount of

magnetic flux emerging over the full Sun is constant through the

entire period of obseryation. The Solar cfcle therefore appears to

be more an oscill¢.tion in the wavenumber distribution of emerging flux

than of the total quantity of magnetic flux produce,_.

* Also at Osservatorio Astronomico di Palermo, Italy
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High Sl_tial resolution observations of the Solar eoron_ _. !__s

ch_racteristi_, radiation, soft X-rays, have proven to be a valuable new

tool in the study of Solar acti_dt_ and active regions. For a number

of reasons (cf. Vaiana et al., 1973), soft X-ray instrmmr..ts provide

extzemely high contrast be_,een clos_ and _pen mwnetlc field regions in

the S_lar a_sosphere, so that the X-ray emitting plasma observed by imaging

instruments belong prluar£1y to the closed corona. The corona is observed

to be highly structured and recent theoretical work has shown the advantage

of considering the corona to be fundamentally Inhomogeneous, with loops m

forming the relative.1.y isolated building blocks (cf. Vaiana and Rosnar,

1978).
m[

The sharp division in X-ray brightness between open and closed regions

is particul3rl 7 advantag-.ous in studying the sma!l-sca!e end of the active

r_ion distribution, i.e., the X-ray bright points or XBP. This name was

given to the numerous mll r_ions of bright X-ray emission which were seen

on early high-resolution images (Valuta et a_____l.,1970). Now what is significant

about these small features is that _ost of the magnetic flux emerging through

the Solar photosphere comes up in re_ions living two days or less. Moreover,

detailed study reveal _._- -;&_i._tions in magnetic flux emergence at locations

on the Sun for which flux emer3ence had not heretofore been considered and with

spatial and temporal scales which have not until now been observed. Finally,

there is evidence from observations over most of a Solar cycle that the total

amount of magnetic flux integrated over all emerging scale sizes may vary

little, if .'-tall, _hrough the Solar cycle.
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Ovtr the past decade we have b_jun to form a comprehensive picture of

the sm_l-scale end of the Solar _gnetic flux emergence spectrum, w4th

profound Lmplica_ions for Solar cycle and _namo theories, we w£1i f_ret

present the results from SkyLnb in 12, sore rec_t findings it, |3 and

discuss the implications and directions for further research in |4.

2. _lr_lts from Sk_lab

Br'ght po_ts had been observed in several rocket flights before the

launch of Skylab and many of their basic properties had been established.

Physical parameters such as size, electr_ temperature and density were

known and we were reasonably c_rtain that they represented magnetically

bipolar features.

However, the availability of continued observations over many hours

and days in the Sky!ab data provided a new dimension for the analysis.

We were able to study the "lifetimes and evolution of activity on all

time scales and to look for large-scale patterns in emergence on the

Solar surface. The motivation, of cou/se, was to find out whether XBP

represented emerging magnetic flux and if so, how much of it and what

hey information could be gained about Solar magnetic activity from

studying these objects.

By comparing the X-ray _ata with high-reaolution KPNO magnetograms

we were able to establish that (Golub et al. 1977):

i) XBP represent emerging magnetic flux and they are bipolar;

ii) the lifetime in X-rays of XBP is (to first order) linearly

correlated with the total magnetic flux in the region;

iii) the relation between lifetime and _Tot extends over thre_ orders

1020
of magnitude, the proportionality constant being _ Mx/day.
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For the _kyLl_b __ period the relative contribution of brlqht

points to that o£ a_tve r_FlOns, using two-day lifetime as a da_rcation

between the two clasps, has an average value of 4 to 1. Iv. other words,

features lJ.v£ug l_s than two days (but =_re than two hours] contx_ted

ebout 80t of the total e_,_gJJ_ Sole magnetlc flux,

llecmuse I_£ght points in • sense repre=ent the "whole story" of

mt.tLc _Lux emergence ms the Sun, we need t_ examine the global p:operties

of _ emlz_jlmce. _eo_cal models of the SoLar dynamo and of the cycle

could potentially coQta_n enormous systematic errors if the short lifetime

end Of _ activity dilff.=:IJ_ution,which we have shown to contain the vast

majority of all magnetic flux, mrges with substantially different

propertles frol those of t.._large, long-lived active regions. In this

reqard we have at premmt only partlal answers; these pages may be viewed

as • progress repo_c oP work which is now being performed.

X-ray height points hav_ a broader latitude distribution than do

Ionger-llved active re<jlons (Golub e_ a____1.1974), which is consisten: with

_wnetxxjraph and CaK observations of ephemeral regions (Harvey and

Martin 1973). These results are in turn consistent with the well-known

observation that pores (mall sun.qpots lacking penumbrae) are _re

broadly distributed in latitude at a given phase in the cycle than are

slmspots (Bray and Loughead 1964). It is apparent that emerging flux

rs<Jions with e_x)re,represent Intermediate cases between the shortest-

l_ved bright p_In_J and the active regions. Born (1974) has ident_ _ed

8uc;, regions as living from I0 to 60 hours; shorter-lived regions do not
Q

develop pores end longer-llved ones develop penumbral spots. An

aszociatlon between lifetime and total magnetic flux, similar to the one

we _i=cussed above, was inf=rued.
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More recently, we nave found that there appear to be, large-scale

variations in bright point emerqence. The variation ap_-_ars to consist

of a single event over the full Sun, correlate_ with an emergence of

active regions_..-he total number of XBPs eBerglng per unit time varies

globally by a factor of two over a time scale of 2 to 3 Solax ro_tions,

and there is a local, temporazy depletion of XBP ne_ the large active

regions. We are looking into the possibility that the oh_ervec _variation

is connected with the deep-rooted dynamo action in the Sun.

3. Solar Cycle Variation
m i

Data obtained from two rocket flights in 1976 revealed a drama_:ic

and unexpected change in the spectrum of Solar activity (Davis, Gol_ and

Krieger, 1977). Whereas the number of large active _-egions had decreased

substantially from 1973 to i976, the number of bright points observed had

increased significantly.

This result pz_apted a reexamination o_ other available data from

two flights in 1970 and one in 1974; ar additional flight in 1978 provid_

a further data point. Analysis cf the six rocket flights plus the ATM data

shows a consistent pattern of anticorrela_ion between the relative number

of bright points and the level of activity ss measured by the sunspot index.

With the above considerations, using the relative numbers of X_Ps and

active regions observed from 1970 to 1978 and taking the 1973" fraction of

80% as a base, we estimate that 40% of the total magnetic flux in 1979

emerged in the form of XBPs, and a peak of _ _5% in i_76. Early in 19"q
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the fraction was _ 7Or, much the same as in 1973. We see that ]_IPs

represent a substdmtLal contribution to the total emerging flux spectrum

throuqhout the entire solar cycle en_ are the dominant contri_n_.or: _h

the declininq, aln_m,_, a_d rislnq phases.

Durinq the SkyLsb period there were tTpically 1. S x 10 3 _Ps

1019emerqing per day, t ea_ch with 3 x Nx of flux and active rag/ram

added another 2Or. _ typical value for Jagnetlc flux _rgence on

1022the Stm is, therefore, > S x _¢ per day.

If we assume that the XIPs obsexvod in ali rocket fllqhts are the

Same, then the _otal amount of mLqnetlc flux mrqlnq at solar s_Lnlsa_

is twice as great as in 1973; the total in 1970, near smx/swm, is nearly

Identical to that in 1973. Rowover, the shift tx_ard _ller reqions at

h,nimum could extend down to features as small as _s, so that the

larger number observed does not necessarily imply more total magnetic

flux amrglng. The possibility of a factor of 2 decrease in the average

flux per XBP exists in the 1976 uqnetoqram data (J. V2trvmy, private

coemunication} so that within the factor of 2 the average total mount Of

magnetic flux e_rging on the Sun throughout the solar cycle is constant.

IV. Discussion

In this paper _ have presented the results in decreasing order of

certainty. A schs_atlc outline of otw knowledge may be portrayed as

shown in table i. It appears that th.eleast ce_ ain results are those

with the greatest potential _ignific_¢e.

The question of _, Solar cycle _'ar_ationis the one which we

The number 1,5 x 10 3 per day Is equivalent to _,00 ,.vllPson the full
Sumat any one time, or _50 on the vis/_le disk: this numbe_ is

w cle_r1_ _nrsatsr th_n the average of 31Jquoted in the text. The
retailer nus_ers, such u those q_mted l_, talkie 1, _t re_ative
counts and are _btained frou short expOsure images, in order to
SLtttimLze obscuration and visibility e_fects fro_ overlying coronal
structures. The lar_cr numbers, used for obtainLnq flux est_uttes,
are t_ts_t on the scaling o_ XIIPcounts in coronsl holes on lon_-
exposure imaqs8 (cf_ Oolub st _____.1974, fiqure 7).
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presently feel to be the _ost ia_o. rtant. Based on the behav._or of the

fj_LLU_ large act4ve reqions, one would1 pres_bly expect t_t the

short-I/veal regions and the bright points would have a simila_ Solar

_'_".le _mxiatiot.. That is, the number of regions mrging per unit time

or the Int4grated total quantity 02 emerging magnetic flux would he

eNpected to vary roughly in phase with other activity indices, such as

the sunspot index Rz. Another possibility which llght have been

observed would be n, average variation in the number of bright points.

OQe could t_n have argued that these features have no relation to the

6olaf cycle and represent some unrelated surface effect. .. observed

_Ucorrelation described in §III therefore a_gues not only for a close

association between XBP and the Solar cycle, but for a possible major

r_ielon in Solar dynamo calculations.

Althou_h the Solar cycle variability is the major _resolved question

in bright Point research, there are a number of other significant areas

still to be explored. For example, there are no simultaneous magnetograph

a_d soft X-ray observations having g_od time resolution. With such data

On_ could determine unequivocally whether all bright points represent

_rging magnetic flux and whether" all detectable emerging flu_. shows

up in X-ray emission. Such data could also be of use in answering f_r

broader ques'.ions concerning the physical structure of the corona and

its relation to the magr.etic field.

Other areas of researc_r which have bean suggested and which are

presently under study include: the relationship between bright point

fla_'es and macrospicules (and spicules), analysis _f ___re energy

storage and release mechanisms using bright point _lare data, and bright

points es sources of the solar wind. Clearly, there is a great deal of

work yet to be done.
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Obqervable Solar _eatures 9Thich Provide Clue._ to the

State of the Solar D-¢_'_o
e

Kenneth H. Schatten *

Astronomy Department

Boston University

Boston Massachusette 02215

Abstract. Space exDeriments are suggested to better

monitor the solar dynamo and solar luminosity v_riations.

Polar and other magnetic fields, sunspots, coronal holes,

filaments and other observable solar and solar wind

ohenomena can provide u& w£_ important links to test

and discover physical mechanisms which relate solar

activity to terrestial weather, climate, and possibly

population variations.

6
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4

_his report discusses observations which ma,, o_ovide

useful clues to the state of the qolar dynamo for the purpose

of predictions and understanding. _hat this author assu,_ :s, is

the conventional understanding of the : )lar dynamo, after the

descriptions and models of Babcock (195_ Leighton(1969), Parker

(1977), and Howard(1977). The author realizes there are uncertain-

ties in these idea_. _or example, Leighton found a best fit with

" the interior rotating faster than the exterior ", whereas other

models on17 aqsume latitudinal differential rotation. _he basics,

h_ever, are generally agreed uDon.

The conventional dynamo transform the sun's poloidal fi_id

hv differential rotatlon into a toroidal field; this toroida_

field gives rise to suhqequent spots and solar activity. After

thin, the Doloidal field is regenerated with a reversed sign.

McIntosh(1979) describes t_e work of Shove, Brown, Sargent III,

Schatten et al.,and others to predict the solar activity cycle.

_seful para1_ters and indices for prediction apnear to be geomag-

netic indices (aa,AE, H comnonent), magnetic activity, during the

declining phase, occurence of " abnormally quiet days " , auroral

activity, etc. Thus the geo:,agnetic field may serve as

a test field to examine the solar dynamc. Here we concentrate on

solar observations themselves. Among those that appear to relate

fairly directly to the cycle by way of the Babcgck d_.,namo theory

are :

(1) magnitude of the solar Dolaz magnetic field,

and

'?) latitude of sunspots, and other features.
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I concentrate on the findings of Schatten et al. (1978) to

predict solar activity from the magnitude of the sun's polar i'eid,

%or becau _e it appears more accu£ate than the 9eomagnetic methods,

but because it is cluselv relatcd to dynamo theory_ and a re_:.ort of

his and his coauthors will be less iikelv mis_'epresented. In is

method, the amplitude of a given cycle is partially (perhaps to a

large extent) governed by the sun's polar field at solar minimum

(the. start of a cycle). Differential rotation may play a role in

dynamo theory,, but Schatten et al. find the amount of polar field

variability from cycle to cycle (factor's of 2 or 3) far exceeds the

variabilitv of the reported differential rotate'on.

Figure 1 shows four methods of obtaining the strengt', of the

sun's polar magnetic field in past years (all indl ect) near solar

minimum (abscissa in each case) gra,nhed against the fol_owing c-Zcl.e's

, . The 1976 v_lue nredicted
maximum yearly average sunspot number Rm

a value of 140120 for cycle 21's yearly average maximum sunspot num-

ber. The relations shown by Figure 1 can be expressed mathematic_" ly

as:

(i) _m II01B I :."20z _ 4.5 P.F._. angle,

where R-_ is the mean maximum annual SUb,DOt number, B, polar field
o..

strength in _Zauss, " , the " flattening " of the interplanetary

current sheet at 1 AU; and P._.B. angle is a coronal measure of the

angul_r flattening in the inner cozuna due to the sun's polar field

(observed at eclipse._ _.

Figure 2 shows the predicsion superDosed with su_zp_t monthly

data (crosses); the 1978 vearly average (dot) shows good agreement.

The duratJon of the cycle _,as not predicted _nd thus the fall-off

of R in the 80's is not a test of the polar field strength method;m

the curve just suggests an average r_turn to low levels of activi_'_

in the 80's.
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It is useful to note that the latitude of solar features

may be combined with Waldmeier's (1939) findings to give an

_ndication of th_ progression of the spot cycle. For example,

Figure 3 shows graphs of the mean latitude of spots (ordinate)

vs. time (measured in solar rotations) from sunspot maximum. The

5 graphs refer to the maximum Rm of the cycle (as in Figures 1

_td 2). .2is is basically Spoerer's relation. If we assume the

_evious prediction (or any other) is correct, for example, and

say Rm_140, we use _he top curve. From the Geophysical and Solar

data books, we find spot latitudes for May (Regions 1710 through

1745) are near 20 latitude. Thus Figure 3 would place Nay '79

about ii rotations before sunspot maximum; thus, the cycle should

peak near early 1980. The mean latitude of spot groups could be

carefully monitored throughout the cycle, with _he subsequent

progress of solar activity using Waldmeier's relation as follows.

Let the relation be expressed analytically as :

. 2 . 2_

(2) = s-6  'x/so)+4(x/so) + 7-2 (x/so)- (x/so) Rm/100% ..

where ¢ is average spotgroup latitude; and X time from solar _
a_

maximum, positive in the future. Now_ given a % and an Rm, values

of x can be obtained by finding the solutions to the above quadra _

tic equation. For the case in hand, the two solutions for May '79

mean sunspot latitude near 20 , are x = -10.2 rotations and +91.6

rotations. The first tells us we are before solar maximw, --

slightly under a year away; the latter is unphysical as it refers

to the previous cycle, whose Rm we did not use. One may also get
t

predictive information about the latter phases and the end of a
[

cycle by " asking " eq_'ation (2) " When will the spots reach, say,

5 ? " and using such criteria as an estimate of a cycle's finish.
J
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_ilaments, coronal holes, and other coronal observations

monitored from sp_ce and ground observations may further provida

useful information about the solar cycle's progress. _iqure 4

from Baumgardner(1979) shows a sample H nhoto of the sun using

the new Boston University solar laboratory. Polar coronal holes

provide us with information about the reversal of the sun's dipole

field. This reversal really marks " the beginning of the end "

of a solar cycle, as _ubseauently, the cycle is running on stored

subsurface toroidal magnetic field rather than regenerating new

toroidal field from existing polar field. Thus the northern and

southern nolar filaments in Figure 4 show the polar cap field on

the wane, further suggesting we are close to the peak in the solar

cycle. Numerical studies similar to the previous analysis could

make this more quantitative. Space experiments to accurately de-

fine locations, sizes, etc. of the nolar coronal holes and fila-

ments are direct clues to the workings of the cycle. Coronal

features themselves can add to these understandings. (See Vaiana,

et ai.,1973, and Papagiannis and Wefer, 1978).

Other parameters, such as spots, pores, and bright points

would giv£ -lues, if sufficient theoretical analyses were under-

taken, as to t'leir distribution of magnetic versus kinetic energy

flux. For eyamp_e, a simple monitoring of the umbra-penumbra ratio

of spot groups may tell us about the relation of convective mixing

I energy. Some of the above parameters, however, do not relate in a

clear way, to existing dynamo theories, and it is a challenge to

the scientific community to uncover the deeper, in both senses of

the word, meanlnc_ of our observations.
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New areas for investigation are suggested by the pioneering

work on the solar rotation by Howard and Harvey ( ) and Living-

ston and Duvall(1979). They report a secular variation to the

differential rotation with the latter authors renorting an ll-year

variation of the polar latitudes; this is associated with the solar

cycle. Livingston and Duvall offer one explaination for the latter.

This is the solar polar wind drag effect applied preferen-

tially near the times of solar minimum, when the polar regions are

most open. gchatten's(1973J model may only explain Dart of the

differential rotation (along with other theories) or perhaps the

entire differential rotation. The above findings are, however,

supportive that polar wind drag is occurring on t_he sun.

The secular variation of the general solar rotation may not

be so easily explained. One possibility is a tie-in With the state

of the dynamo. This can be further studied by examining the histor-

ical records recently unccvered by Herr(!978) and Eddy etal. (1977)

during the time of the Maunder Minimum.

The solar rotation during that epoch, in the 17th century,

was found by measurements and calculations of the sunspot drawings

of Harriot, Scheiner, and Hevelius. These findings show an increased

differential rotation of the lower sunspot latitudes with the in-

ception of the Maunder Minimum. Thus a secular variation of the

differential rotation was nresent then also. At first that finding

is somewhat puzzling, as dynamo theoz_ Z might suggest that a more

rapid rotation of the lower latitudes would imnly a greater field-

winding capability and thus an increase in sunspot activi.ty following
6

this behavior, rather than the Maunder Minimum.

The resolution of the above dilemma is found by considering

other solar parameters which are varying at the same time as the
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solar rotation during this past epoch and play a more important

or overriding role in determining the level of solar activity.

The previously referred to, polar ficld variability, is in recent

times a factor of 2 or more, whereas even the Maunder Minimum

rotational variations are less than 15 %.

If the polar field experienced a near cancellation prior

to and during the Maunder Minimum, the cycle would continue at a

; low level (Link, 1978); however, with little energy going into the

cycle, little drag on the differential rotation would be concomit-

ant, resulting in a secular increase in the differential rotation,

perhaps as reported.

The Dresent secular variations cited by Livingston and Duvall

and also reported by Howard(1978) may be a consequence of secular

variations of the dynamo. Feynman and Crooker(1978) report long

term variations in the geomagnetic (aa) index, which relates to the

solar wind and sun, and thus is providing a clue to long-term

secular variations on the sun and, particularly, the differential

rotation and the state of the dynamo.i'

The relatively rapid (decade) variations observed in the

differential rotation suggest a method of estimating the extent in

depth f the region partaking in the solar dynamo variations. Equat-

ing a depletion of the power of the solar activity cycle of _ 1027

erg/s over a few d_cades with the energy associated with the

reported variations of Herr(1978) and Eddy(1977), suggests the

solar differential rotation (associated with solar activity) may

not extend the full depth of the convective zone. The above cal-
l

culation suggests a thickness of order 10 4 km rather than 10 5 km.

It is important to note this estimate applies only to the variations.
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Considering the relations of long term solar activity to

terrestial weather suggested by the work of Mitchell et al. (1977),

Siscoe(1978), and Dicke(1978) it is clear that observations of

the solar dynamo (particularly from space) are the most important

astronomical obse_'ations to mankind. Unless one believes in

astrology, it is clear that solar variations are more important

to mankind than other stellar phenomena. We hope future resources

spent on science will reflect the practical as well as the esoteric

nature of research.

Fzgurc 5, for example, shows solar activity variations

(after Eddy, 1977) deduced from *_C dating deviations and world

population variation_ from the data of McEvedy and Jonds (19 78)

for the last two thousand years. The early data is subject to the

greatest uncertainties, but apparent dips occur in the near 300-

500 AD, the 15th, and the 16th centuries in both curves. Further,

the population variations are not only in the centers of the most

populated areas, but are more universal - seen globally in widely

separated countries as well. The changes may be related to specific

epidemics- Black death, for example; thus, the associations could

be described as coincidental. Nevertheless, the underlying original

cause of such outbreaks could be the climate related variations

reported by Eddy. For example, the T and W curves show the mean

temperature of England and the winter severity index for the Paris-

London area.

The monitoring of solar activity and luminosity variations has

been recommended by NOAA's International Solar-Terrestial Predictions I

Working Group on Sun-Weather�Climate research. Utilizing temperature

sensitive photospheric lines or other techniques to monitor the solar
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l-_minosity would be a boon to such studies. Space experiments de-

signed to examine the crucial sun-weather related parameters outlined

would greatly aid these studies.

A recent report by Foukal(1979) suggests the 27-day luminosity

variations could be as much as 0.7 %. Such structure on the slm

relates to subsurface magnetic fields and/or velocity flows. Improved

solar monitoring and theoretical interpretations of terreStial and

space observations have a good chance of uncovering practical sun-

weather relations. We must further be able to understand and predict

the solar dynamo magnetic field to provide advance prediction of any

sun-weather relation uncovered.

To conclude, observations of the sun appear to be the most

relevant astronomical observations to mankind. We know that the

earth's atmosphere is a hindrance to many of these observations,

and suggest the major weakness in sun-weather/climate studies is

the poor observations of crucial solar and terrestial parameters

relevant to these studies.
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Fig. l. (a) Sunspot _lumber at maximum vs. the Ludendorf isophote

- flattening index at an eclipse near the preceding

solar minimdm.

(b) Sunspot number at maximum vs. Polar Field Bending

Angle (P.F.B) at times of eclipse near solar minimum.

(c) Sunspot number at maximum vs. i, a measure of the

yearly variation of the predominant polarity of the

interglanetary field near earth, a measure of polar

magnetic field strength.

(d) Sunspot number at maximum vs. facular count in polar

regions, and related polar f_eld strength, at the

preceding solar minimum.

The arrows in these graph indicate cycle 21's indices

from which the cycle's sunspot maximum has been estimated.

96

- p

n

1980009682-098



%

Fig. 2. Predicted smoothed sunspot number based upon dynamo theory

from 1976 to 1983 (solid curve). Estimated yearly average

uncertainties (dashed curves) are smaller than in many

other predictions and show that a larger than average

cyc-_e (dotted curve) is definitel_ predicted. Crosses show

individual monthly sunspot numbers, labelled with the

first letter of the month. The large dot shows the yearly

1978 average agreeing remarkab!v well with the prediction.
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Fig. 3. Migration of spot zone for different R m (heights of sunspot

maximum). Abscissae: time measured in solar rotation from

sunspot maximum: ordinates: latitude (Waldmeier, 1939).

0

e

_ig. 4. H e photo of the sun on May 3, 1979. The text discusses the

usefulness of these o}.._ervations (Baum_ardner, 1979).
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QUESTIONS A_D COMMENTS

COMMENT BY: R. Noyes, Harvard-SmJthsonian Center for _stro-
physics

DIRECTED TO: K.H. Schatten

COMMENT: As you know, we have looked at the Greenwich Data of
individual spot_ and found no evidence of a 12-day
periodicity.

RESPONSE: You may not have seen the 12-day periodicity in spots
due to _he nature of your analysis or to the possi-
bility (although we feel it is remote) of ours being
a statistical fluke. Yours differs from ours iu a

number of ways:

(1) You use only the birth of spots.

(2) Rather than a correlative analysis of your data,
you have used a superposed epoch technique.

(3) Your data span is more limited.

Phase drifts may exist as evidenced by the d_fference
between our period and Dicke's. This could prevent
your technique fgom detecting a 12-day signal. A
fairly sophisticated approach is needed in the use of
individual spot data and, for all we know, the effect
may show ap only in the grouping of spots (in sunspot
numbers) not evidenced in individual spot locations_

QUESTION BY: J. E. Humble, AFGL/University of T_smania

DIRECTED TO: K. H. Schatten

QUESTION: Have you subdivided your data into shorter groups
to see if effects are visible in both sets?

ANSWER: Yes, we have divided in numerab. 0ys and find the
largest differences betw.;en di,'"_ ng the data into
odd and even cycles. Th±s sug6," cs to us that the

: relation, if real, is magnetically related.
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l S,o-lv953
THE OPPORTUNITIESOFFEREDBY SCADM FOR THE STUDY OF

SURFACEPHENOMENARELATEDTO INTERIORSTRUCTUREANO DYNAMICS

TimothyM. Brown
High AltitudeObservatory

I. Introduction

Grantingthat usefulscientificInformatlorlabout the Sun's interior

may be obtainedby studyingthe solarsurface,the prospectof a SCADM

missionto performthese studiesimmediatelyraisestwo questions: Can

• the observationsrequiredfor thesestudiesbe obtainedfrom a spacecraft?

If so, are therecompellingreasonsto observefroma spacecraftrather

than fromthe _round? Unsurprisingly,the answersto thesequestionsvary,

dependingon whichobservationalproblemone is concernedwith. One finds,

however,that the answersere basedon only a few fundamentalissues,and

that by understandingtheseissuesthe meritsuf any giwn experimentmay

be fairlyquicklyassesed. My aim in thisdiscussionis to reviewthe

relevantissue;,and to illustratetheirapplicationby referenceto a

set of potentiallyinterestingexperiments.The experimentschosenare

intended_ be both plausiblecandidatesfor ).heSCADMmissionand represent-

ative of the problemsone may encounter,but I emphasizethat this list

is by no means an exhaustivesummaryof reasonableinteriordiagnosticsfor

SCADM. Finally,for reasonsgivenbelow,I will devotelittlespaceto

purelyinstrumentalconsiderations.In most of the cases to be considered,

it seemslikelythatobservationallimitswill be set by solarprocesses

ratherthan by instrumentaldeficiencies.If in any instanceI believethat

thlsmay not be true,I will say so explicitly.
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II. PotentialSCADMExperiments

The listof experimentsI wile con_!Jeris given in the accompanying

Table,alongwith estimatesof the observationalrequirementsfor each. As

indicatedin the Table,the physicalprocessesprobedby theseexperiments

may be convenientlygroupedas Large-ScaleFlows,Oscillations,and Chro-

mospheric/CoronalDiagnostics.As will be seen,the fundamentalconcerns

and observationalrequirementsare similarwithineachclass,even though

differentexperimentswithina class may tell us quitedifferentthings

about the Sun.

The observationalrequirementslistedin the Table are in most cases

set by the amplitude,physicalsize,and tempordlscaleof the physical

processbeingobserved. A notableexceptionis the time resolutionrequired

for studiesof long-livedflow patternssuch as giant cellsand solar

roUt,on. Thoughtheseflowschangeon timescalesof weeks or longer,it

is highlydesirableto monitorthemoften enoughto resolvethe five-minute

oscillations,so that the oscillationsdo not contributeundue noise to the

velocityfieldmeasurements.It is also importantto note that the noise

requirementsgiven in the Table refer to appropriateaveragesover the area

and lifetimeof the featurein question(thesizeand lifetimeof a giant

cell,say, or the spanof spaceand timeover which a five-minuteoscillation

mode is coherent). Thus, althoughthe allowablenoiseas shown in the Table

may seem frighteninglysmall,the limitson measurementerror per pixel

per observationtimegenerallycome out to be quite reasonable.Of cour;e,

systematicerrorssuch as gainchangesand baselinedriftscannotbe expected

averageto zero,and must be keptwithinthe statedboundsat all times.
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Ill. Central Issues For SCADM Measurements

For tKe observations listed in the Table, the problem (as with most

physical measurements) is to separate the solar processes of interest from

a host of competing effects. This difficulty is aggravated by the long

timescales of the interesting solar phenomena. Indeed, the relevant time-

scales are typically so long that it becomes infeasible to obtain uninter-

rupted observations for the r_quired lengths of time. Thus, one must deal

not only with noisy data, but also with data that are significantly

incomplete. In order to determine the relative merits of ground or spaceborne

observations of a given solar phenomenon, one must therefore understand both

what sources of noise enter into the measurement, and how the influence of

these sources is affected by the presence of large gaps in the observed

Limestrings.

A. Noise Sources

From t_. list of experiments given above, it is evident that the bulk

of the required observations deal with accurate measurements of intensities or

spectrum line positions. The former are necessary for measurements of

diameter or intensity oscillations and for many tracer obsel'w ions, while

the latter ar,,_equired for measurement of magnetic fields and line-of-sight

velocities The accuracy of such observations may be limited by photon

noisc, instrumental noise, environmental effects, or solar processes. All

c these potential sources of error deserve some consideration.

Photon noise as it applies to velocity and magnetograph observations

has been treated by Beckers (1968), and as it compares to other sources of

errm by Beckers and Brown (i979). Beckers (1968) found that for a 30 cm

telescope aperture and a 1" square pixel, the time required to measure a

m_gnetic field to an accuracy of 5 gauss (or a velocity to 20 m s-I) is about

104
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2 s. This estimateis supportedby the experienceof severalobservers

(e.g.Deubner1967). For the SCADM experiment,one might take a 10 cm

aperture,4" squarepixelsize,and 60 s integrationtimeas more

reasonable.For theseparameters,the errorsin magneticfieldand velocity

are reducedto 0.7 gauss and 2.8 m s-I. These errorsare quite trivial,

providedthatall pixelscan be observedsimultaneously,i.e.,that no

spatialscanningis requiredto build up the velocityor magneticfield

imageof the Sun. If scanningis required,theneach pixel can be observed

for only a small fractionof the possibletime,and photonnoisemay become

significant.Fortunately,the availabilityof 2-dimensionalphotoelectric

detectorarraysand new instrumentaltechniquesshouldmake such _canning

unnecessary.I1_tensitymeasurementsare even lesssensitiveto photon

noisethanare velocitymeasurements,since theydo not involvedifferences

betweenseparateintensitys_mples.

Instrumentaland environmentalnoise are oftendifficultto separate.

I draw the distinctionchieflybecausethereare noise sourcessuchas

amplifiernoisethat will be verysimilarfor groundand spaceborne

observations,but thereare otherssuch as seeingthatwill clearlybe

presentin one but absentin the other. Of theseproblems,thosecommon

to bothtypesof instrumentare the less serious. Detectorand amplifier

noisecan be reducedto valuescomparableto photonnoise,at leastfor

someavailabledetectorarrays(e.g.Aikens,et al., 1976). Similarly,

noisefrommechanicalvibration,electrical'crosstalk,and similarsources

can be heldto negligiblelevelsby properdesign.

Of the environmentalinfluencesfelt by a groundbasedinst_ument_

seeingand scintillationare the most obtrusive. However,for the spatial

and temporalresolutionof interestto SCADM,even theseeffectsare not too
0
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serious. The largestvelocityerror causedby seeingexternalto the

telescoperesultsfrom imagemotion,whichcausesone to sampledifferent

partsof the granularmotionfieldat differenttimes. Assumingthe rms

velocityof the granulationto be 450 m s"I, the correlationlengthto be
F_

0.5",and the seeingimagemotionto be 0.5", the instantaneousnoise

expectedfrom this sourcefor an aperture10" squareis 20 m s-1 Taking

the seeingitselfto havea correlationtime of 0.1 s and usinga 60 s

integrationtime,the resultingvelocityerror is 0.7 m s-I. Seeingwithin

the instrumentitself,particularlyspectrographseeing,can be much more

damaging. However,this can be eliminatedeitherby evacuatingthe optical

train,or by using instrumentsthat are much less sensitiveto seeingthan

are spectrographs(e.g.,interferometers).For velocitymeasurements,

diurnaland other temperaturechangescan cause seriousproblemsvia

differentialthermalexpansionof partsof the instrument,subtlechanges

in alignmentof or interferencebetweenopticalelements,or alterationsof

the gain and zero pointof electronicdevices. Intensitymeasurementsare

not so sensitiveto these .oblems,but are susceptibleto changesin atmospheric

transparency.Finally,and most important,cloudsand the day-nightcycle

assurethatat any given site,the Sun will be unobservablefor two-thirds

of the time. By observingfrompolar sites it is possibleto get occasional

longobservingruns (fouror five days),but thereare difficul;iesinherent

to thisapproach. Principally,if suchrunsare availableonly a few times

per year they do not providethe near-continuousmonitoringthatmany

experimentsappropriateto SCADMrequire. Problemsthat are discouraging

but not criticalare the large solarzenithanglesencountered,the compar-

ativelyharshenvironment,and a varietyof logisticalproblems.
I

By observingfrom a satelliteone avoidsatmosphericnoise,but

encountersa numberof new difficulties.Thermalcyclingtends to be more
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severeon a sate11_tethanon the ground,both becausethe temperature

excursionsare largerand becausethe timescaleson which theseexcursions

takeplaceare shorter. Further,the effectsseencan depend in a sensitive

way on the Sun-orbitgeometry,and thus varywith time. Similarly,it is

difficultto maintainmechanicalisolationbetweendifferentsystemson a

satellite--accuratepointing,in particular,seemsto be hard to achieve

if any mechanicalnoise is presenton a smallsatellite. Whiteand Athay

(1979)havediscussedboth of theseprob!emsand theireffectson the

OSO-8observations. Once again,theseproblemsshouldbe minimizedfor

experimentsof interestto SCADM_becauseof the comparativelyco_:'se

spatialresolutionrequi_edand the availabilityof measuremecJtechniques

thatare insensitiveto thermaland mechanicalfluctuations.

The largeradialvelocitiescausedby a spacecraft'sorbitalmotion

t,_o_cannotbeand the rapidday-nightcycle are environmentaleffects ' +

eliminatedby properexperimentdesign. The orbitalmotioncan introduce

spuriousvelocltysignalsof as much as 8 km s-1, as comparedwith the Earth

rotationsignalfor a groundbasedinstrumentof about 400 m s-1 However

usingtrackingdata it shouldbe possibleto removethisorbitalsignalwith

an accuracyof betterthana few m s-I (SCADMMeetingProceedings#2, p. 63).

Further,the variationof thissignalacrossthe solardiskwill never be

more than about80 m s"I, ar=dwill be predictablewith the same fractional

accuracyas the orbitalvelocityitself. Thus, the orbitalsignalwill only

enter intomeasurementsof the averagevelocityof the entirevisiblesolar

disk. Mostof the errorwill occur at the satellite'sorbitalperiod,with

hdrmonicsintroducedby deviationsof the orbit from circularityand by side-

lobegenerationfromthe day-nightcycle. The day-nightcycle itselfwill i

tendto corruptthe data in the sameway as for a groundbasedinstrument,

but with three importantdifferences.First,the Sun is visiblefrom a
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low-inclinationorbit for about ts_-thirdsof the time,about twiceas

much as one can expectfromeven a goodground-basedsite. Second,the

frequencyof interruptionin the data stringsis much higherfroma

satellitethan fromthe ground--onceper 90 minutesor so as opposedto once

per day. Last,becauseof the absenceo_ clouds,the interruptionsin a

m sat)llitedata stringwill be muchmore regularthanfor groundbased

strings. All of thesedifferenceshave favorableimplicationswhere

SCADMexperimentsare concerned,as will be explainedbelow.

The lastand most significantsourceof noise for SCADMsurface

observationsis the Sun itself. The quantitiesof chief interestto

SCADMare typicallyphenomenawith small amplitudesand largespatial

and temporalscales. Unfortunately,the Sun providesa hostof

phenomenawith largeamplitudesand small spatialor temporalscales.

Thesemay appearas noise in the desiredmeasurements,and the form

thisnoise takesis in some casesquite sensitiveto the way in which the

data are obtained.

For velocitymeasurementsthe most importantsolarsourcesof noise

are granulation,supergranulation,and the five-minuteoscillations.For

the currentdiscussion,the propertiesof interestconcerningthesephenomena

are theiramplitudeand temporalpower spectrum,as seenwith an entrance

aperture5" to 10" square. Granulationhas a typicalrms velocityof about

0.45 km s"1, with a correlationlengthof about 0.5" (Beckersand Parnell

1969). This impliesa signalseenby a 10" squareapertureof about 25 m s"I.

Sincethe lifetimeof a granuleis typically8-10 minutes,mostof the power

in the granulationvelocityfield is concentratedbelowone cycleper 10

minutes. At much lowerfrequenciesthe velocityfieldis dominatedby

supergranulation,with amplitudesof perhaps200 m s"I (depending,of course,

on whetherone observesat disk centeror near the limb.See Deubner,

108
#

1980009682-110



1971),and timeScalesof a day or longer(Wordenand Simon,1976).

Thoughdifficultto confirmobservational]y,it seemslikelyLhatthe

temporalpowerspectrumof velocityis in fact a continuumin to at

leastthe frequenciesof a cycleper day or so thatcharacterizesuper-

granulation.If thisis true, thenthe two pointscorrespondingto

granulationand supergranulationsuggestthat the observedpower is

roughlyinverselyproportionalto frequency. Five-minuteoscillations

also contributelargeamountsof powerwhen integratedover a 10"

aperture,but the oscillationsare much more nearlyband-limitedthan

are othersolarnoise sources. Thus,althoughthe rms velocitydue to

oscillationsas measuredwith this aperturemay be 100m s"1 or so, the

oscillatorycomponentat periodslongerthan 15 minutesis negligible.

By _easuringthe velocityfieldoften enoughto oversamp!ethe oscillations,

one can eitherremovethe five-minuteoscillationsor studythem in detail,

as desired.

The intensitymeasurementsthatone requiresfor monitoringthe solar

diameterare also subjectto solar noise. Mostobservationsof the

photosphericintensityfieldhave beenexplicitlyconcernedwith granulation_

so thatfew accuratemeasurementsof low-wavenumberintensityfluctuationsare

available. However,the availableobservations(e.g.Deubnerand Mattig

1975,Aime, et al. 1978)indicatethat largeamountsof powercan be seen

at spatialscaleslargerthan 10". Observationsby Brown (1979)nearthe

solar limbalso showthis power,and indicatethatmost of its temporal

variationsare concentratedat periodslongerthan 10 minutes. The presence

of thisbackgroundnoise in the same frequencyand wavenumberrange as

the oscillationsone seeks is the most seriousimpedimentt_ understanding

the diameteroscillations.
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The chiefconclusionto be drawn fromthis discussionof noise

sourcesis that the largestsourceof uncertaintyin any surfacemeasure-

ment of interestto SCADMwill not be instrumentalproblems,but rather

interferencefromother solarprocesses. To make successfulmeasurements,

one must be able to rejectthis interference.

B. The Effectof InterruptedTimestrings

As seenabove,the dominantsourcesof noise in SCADMmeasurementsof

surfacemotions_nd intunsitiesare likelyto be solar processes. In most

cases one can distinguishbetweenthe processthat is of interestand the

many that are not only on the basis _f differencesin spatialor temporal

structure. Further,one's abilityto definespatialstructureson a global

scale is often compromisedby geometricalobservingconstraints.Measurements

of verticaloscillatio_s,for example,are hinderedby forshorteningand

curvatureeffectsexceptin the immediatevicinityof disk center. Problems

of this sortmake it very importantto get as much informationas possible

from the Sun's temporalbehavior,and to understandhow realisticinterruption_

in the data streamaffectone'sabilityto do this.

Fouriertransformsprovidethe bestformalismfor addressingthese

questions. The notationusedin the followingdiscussionis thatof

Bracewell(1965),who also givesa throughdiscussionof the pointsto

be summarizedbelow. A more condensedversionof the basic notionsmay be

found in Braultand White (1971). The readerwho is not alreadycomfortable

with the ideasdiscussedhereis urgedto consultthesesources,

In observingany solarprocess,one is presumablylookingat eventsthat

have goneon (andwill continueto go on) for an indefiniteperiodof time.

Call the measurablevaluesassociatedwith theseeventsR(t). Unfortunateiy,

one'sobservationsdo not 9o on indefinitely,nor even,where globalsolar

propertiesare concerned,withoutinterruption.Whatone actuallysees is the
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string R(t) multiplied by a window function W(t), which is unity whenobser-

vations are being performed, a._d is zero otherwise:

S(t) = R(t) • W(t). (1)

In most casesof currentinterestwe wish to know the effectof thi_

windowfunctionon the measuredpowerspectrumof the processR. This

can be foundfrom the convolutiontheorem

f*g:? •_, (2)

i.e.,the Fouriertransformof the convolutionof two functionsis the

productof their Fnuriertransforms. Inversetransformingboth sides

and redefiningdomainsgivesa form that is more usefulfor the current

pumposes:

f •g:_*g. (3)

Or, in words,the transformof a productof two functionsis the convolution

of the individualtransforms. Thus,by a trivialsubstitution_

_:_._. (4)

The desiredtransform_ ,sthus smearedout by the transformof the window

functionW. A particularlyunpleasantfeatureof this smearingis that it

occursin the transform,whereasone's observationalconcernis generally

with the powerspectrum. Thismeans that the powerone measuresat a given

frequencydependsno. onlyon the powerat other frequencypoints,but on
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the pl. ,t thosepointsas well. Noise f_% ,_issourcecan thereforebe

quite siqnificant,evenwhen the sidelobes?c _._ windowfunctiontrans-

form ap?._Rr+o be small.

Since _._ttransformof thewind_,,_ , .on i_ so important,it is use-

ful to havea wa_ c_,P_timatew,J+t • _nsformlooks like. For the type

of windowfunctionthaCwil_ b_ _,_: _x,,mlonlyencounteredin observations

of globalsolarproperties,this i.;easilydone. Sucha windowfunction,

shown in Figure1, consistsof _ seriesof equally-spacedobservation

periodsseparatedby uniformgapsduringwhich no observationsoccur.

The separationbetweenobservingperiods,d, is one day for a groundbased

instrument,or one orbitalperiodfor a spaceborneone. The observing

period,f, is determinedby the fractionof the time the Sun is visible

each day (oroit)from the givenobservingstation. The totallenthof the

observingrun, T, is determinedby weather,instrumentfailure,solar

rotaticn,or any otherfactoraffectingthe visibilityof the solar

processin question. Sincethe originfor measuringtime in these

circumstancesis essentiallyarbitrary,it is alwayspossibleto

positionthiswindowfunctionso that it is symmetricaboutt = O, and

only the real (cosine)partof the transformsurvives.

The windowfunctionitselfis most easilydescribedin termsof

a combinationof two simplerfunctionsdescribedby Bracewell(1965),the

rectanglefunctionof unit heightand base II(t),and the samplingfunction

of unit spacingill(t). Ii(t)is simplya boxcarof unit heightand

length,centeredon the origin,while III(t)is an infinitesequenceof

deltafunctionswith unit separation. If T were infinite,the window

functionin FigureI couldbe formedby an appropriatelyscaledconvolution

1!2
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of II and II_:

W (t) = II(t/f)* Ill(t/d). (5)

The transformof thiswindowfunctionwould then be given by the product

_f the individualtransforms(by Equation(2)). These are (Bracewell,

1965,pp 359, 360)

ll(t/f)= _)_f - sinc(mf), (6)

ill(t/d)= III(md), (7)

where,_is the variablede_otingtemporalfrequency. The transformof

this infinitewindowfunctionis thusa sequenceof delta functionswith

spacinginverselyproportionaltu d, multipliedby a,ienvelopeconsisting

of a sinc functionwithwidth inverselyproportionalto f. To obtainthe

finite-lengthwidow functionof interest,W omust be multipliedby another

rectanglefunction,thistime of lengthT:

W(t) : W (t) • II(t/T) (8)

By equation(3),the transformof thiswindowfunctionis

W(t)= [IIl(_xl)• sinc(mf)]* sinc(uT). (g)

This transformis shownat the bottomof Figurei. It consistsof a series

of sinc functions of width T"l, separated in frequency by d"1, and

113

1980009682-115



containedwithinan envelopeof width f-l. The most usefulpartof

the analysisleadingto this functionis thatit allowsone to see

clearlythe relationshipbetweenthe windowfunctiontransformand the

length,separation,and totaldurationof the observingperiodscomprising

the windowfunctionitself.

Havingarrivedat the desiredwindowfunctiontransform,one might

ask how this transformcan be modifiedby differentanalysistechnlques.

It is easy to showthat if attentionis restrictedto methodsthatare

linear,then any suchmethodis equivalentto multiplyingt e availabledata

pointsby a set of weights. Thisprocessis often termedbellingthe data,

or apodizingt_e windowfunction. From the foregoingdiscussionit is clear

that the effectof such bellingwill va,_,dependingon whetherthe bell

is appliedto the individualdata stringsof lengthf, to the entirecomposite

string,or to both.

Applyingthe samebell functionto eachof the _ndividualtimestrings

in a longdata set has the effectof alteringthe envelopeof the narrow

sincfunctions(henceforthtermedsidelobes)shownin FigureI. It is

usuallyadvantageousto do this,sinceany smoothingof the windowfunction

generallyresultsin suppressionof the distantsidelobes,and theseare

oftenthe ,_osttroublesome.This processusuallycausessomeenhancement

of the first sidelobe_elativeto the centrallobe,however. Workingto

somewhatdifferentends,by allowingbellingfunctionsthatare sometimes

negative,it is possibleto eliminateany givensidelobe(eventhe first).

Thiscan be usefulif contaminationfromthatone sidelobeis a particular
J

problem. This techniquemust be usedjudiciously,however,since it always

raisesthe other sidelobesand significantlyreducesthe magnitudeof the

centrallobe.
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Applying a smoothbell function to the entire sequenceof observing

periods changesthe shape of the individual sidelobes. One usually

wishes to do this, since otherwise there can be a significant contribution

to the measuredsignal from the regions between the nominal sidelobe

posttons.

Finally, there are a variety of nonlinear analysis methodswhich under

somecircumstances may be useful for spectrum analysis. The maximum

entropy technique (see Ulrych and Bishop, 1975, for a review) is perhaps

the most notorious of these. These methodsas a class seemto give

untrustworthy results if the spectrum under consideration is very complicated,

or is unduly contaminated with noise. However, there may be somecases of

interest, notably the mode structure of the five-minute oscillations, in which

the true spectrum is sufficiently noise-free and clearly defined for these

techniques to be effective.
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IV. Applicationsto Experiments

It now remainsto see what effectthe Issuesof noiseand tlmestring

charactermay have ol;the experimentsof interest. This is bestdone

by examiningthe experimentsindividually,but it will becomeclear in the

courseof thisexaminatiunthatmost of the experini_ntshave featuresin

common. In particular,mostof thoseexperimentsrequiringonly visible-

]ightobservationscan be done, i_nnsom___eefashionor other,eitherfrom space

or frG,_the ground. This is a naturalconsequenceof the dominanceof solar

noise sources;suchnoise cannotbe avoidedsimplyby relocatingthe instrument.

The sensitivityto solarnoise sourcesmay, however,dependon the instrument's

location. Let the readerbe warned_therefore,that the relevantquestion

will often be how well an experlmentcan be do,.efromspaceor the ground,

ratherthanwhetherit can be done at all.

A. Rotation_MeridionalFlows_,GiantCells

To learnaboutmeridionalflows,giantcells,and spatialor temporal

variationsin the solarrotation,one must measurethe solarvelocityfield

with comparativelycoarsespatialresolution. Thesemeasurementsmust be

_eraged over a longenoughtimeto reducethe noise fromother solarmotions

to acceptablelevels,but must be completedquicklyenoughthat the flows do

not changemuch duringthe observingperiod. One is thereforeinterestedin

motionsof approximatelyzero frequency,shownat the originin Figure2.

Figure2 also showsin schematicfashionthe solar backgroundnoise for

velocitymeasurements.Becauseof the windowfunctioncunsiderationsgiven

above,the signalmeasuredwill be contaminatedby this backgroundin at least
¢

two ways. First,becauseof the finitetotalobservingtimeT, a smallrange

of frequenciesnear_ = 0 will be includedin the measurement.Second,and

probablymore serious,sidelobesgeneratedby the day-nightcyclewill contribute
116
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noise from frequencies that are considerab|y removedfrom _ _ U The

largest contributor to this kind of noise wtll be the first sidelobe,

located at about 7 x 10.5 s"1 for a groundbasedinstrument, or about

1.1 x 10.3 s"1 for a satellite. Stnce the noise contribution ts proportional

to the amplitude of the solar signal at the position of the sidelobe, it

is evident that a satei]ite measurementwould be less noisy than a ground-

based one by a factor of about four. Restated, for these measurementsit

would take at least sixteen times as long to attain the samenoise level

from the ground as from a satellite. This conclusion is strengthened by

the influence of the comparatively s_11 duty fraction available from the

ground, which causes more sidelobes to becomeimportant. Further, it is

difficult to obtain extremely long data sets from the ground, so that for

groundbasedmeasurementsthe individual sidelobes will tend to be wider.

All of these considerations suggest that groundbasedmeasurements

of ]arge steady flows will be noisier than their spacebornecouqterparts

by a factor cf between5 and 10 for the samelength of observation, or that

groundbasedmeasurementswill require 30 to 100 times more observing time

for the samenoise level. The interpretation of these numbersis a bit

difficult, since most of the flows of interest have not yet been seen. The

noise level ultimately requii-ed to allow a ciea_" definition of the flows is

therefore a matter of conjecture. It is clear, however, that total

observing times of more than a month or so cannot be tolerated, since many

of the interesting phenomenaprobably changean timescales that are shorter

than this. Such long observing times are ltkely to be necessary from the
-1

ground tf *he flow velocities in question are less than 2 or 3 m s . In

short, large-scale flow measurementsobtained from orbit can be muchbetter

than those obtatned from the ground, and for somekinds of flow this difference

may be cructal *o understanding the physics Involved.
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B. IntensityFluctuationsand Tracers

For the purposeof SCADM (andas distinctfrom intensityoscillations,

whichwill be discussedlater),intensityfluctuationsare usefulchiefly

as tracersof the gas flowon the Sun. In this contextthey providesome

measureof the flow in the two directionsperpendicularto the lineof

sight. Such_asurements are affecL_d_o somedegreeby the continuum

fluctuationsof the quiet Sun,and are thussubjectto some of the same

cunsiderationsoutlinedin the orevioussection. The effectsare much

lest importantfor tracersthan for velocitymeasurements,howewr. This

is true in part becausethe featuresused as tracersare usuallyobvious,

contrastyfeatureslike sunspots,and in part becausesmallfeaturestend

to make the most accuratetracers,and the lifetimeof suchfeaturesis

typicallyshort. The maximumpossiblelengthof observingrun in surh

casesis thus set by the featurelifetimeratherthan by localobserving

constraints.Notableexceptionsto the small-featureruleare large,

stablesunspots,which havebeenused as rotationtracersby several

investigators(e.g.Newton_nd Nunn, 1951). Unfortunately,the motionof

sunspotsand other tracersis usuallyaccompaniedby shape changesthat

can be monitoredonlywith high-resolutionimagery. The resolutionrequired

is perhaps2" or less,which is almostcertainlyimpracticalfor SCADM.

Theremay be some advantageto satelliteobservationsbecausetracersmay

easilydisappearor becomedistortedbeyondrecognitionduringthe time the

Sun is invisiblefrom a groundbasedinstrument;this is less likelyto

happenfroma satelliteb_causethe data gaps are much shorte_. Thisargument,

too, is unconvincing,largelybecauseof the many widelyscatteredobserving

stationsalreadyin operationthatcan providethe requireddata. For tracer

measurements,one probablybenefitsmore from cooperationbetweengroundbased

observersthanfrom flyinga satellite.
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C. .P!asma-MagneticField Interactions

Any co,nplete_del of the solardynamomust describethe interaction

betweenthe solarmagneticfieldsand the fluid flowin the photosphere

and underlyingconvectionzone. ORe of the few observationaltestsof

sucha descriptionis to monitorthe magneticfielddistributionand the

photosphericvelocityfield,and see if the evolutionof one can be

predictedfromthe behaviorof the other. Sincethisexperimentrequires

one to makeaccuratemean velocitydeterminationswith moderateresolution

in shortperiodsof time,the argumentsin sectionA aboveindicatethat

thesemeasurements,at least,may be bestdc _ from a spacecraft.A

furtherargumentto the sameeffectis that withoutessentiallycontinuous

observationsof the photosphericvelocityfi_ids,_ will probablybe

impossibleto deducethe subsurfacevelocitieswith the requlredaccuracy.

The casefor measuringthe magneticfieldsfrom space is not so clears

at leastas regardstheiruse as comparativetracers. The reasonsfor this

are the same as for intensitytracers: large,slowlychangingfeaturescan

be measuredalmostas well from the ground,while small,rapidlychanging

ones couldprobablybe done significantlybetterfromorbit,but require

excessivespatialresolution.An exceptionto this lastpointmay occur

if it is sufficientto observethe fieldsover only a limitedportionof

the Sun ratherthan the whole solardisk. In thiscase the numberof

pixelsrequiredmay not be unreasonable,even for an essentiallysynoptic

missionlike SCADM.

D. InteriorStructurevia Oscillations

T_e possibleuse of flve-minuteor longerperiodoscillationsas

diagr,osticsfor the Sun's i ternalstructurehas beendiscussedby several
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authors(e.g.Rhodes,et al. 1977,Christensen-Dalsgaardand Gough 1976).

For bothkindsof oscillation,the observationalaim is to determinethe

frequencynf eachoscillationmode as preciselyas possible. The frequency

resolutionrequiredto separateone mode fromanothergenerallycorresponds

to observingrunswith lengthsof severaldays. Interrupteddata strings

are thereforeunavoidable,and the influenceof the data windowfunctionis

of utmostimportance.

The kindof informationabout the mode structurethatone requiresis

shown in Figure3, which is taken (withadditions)from Deubner,Ulrichand

Rhodes(1979). The plot showsobservedpower in solarvelocityoscillations

as a functionof horizontalwavenumber(thehorizontalaxis) and temporal

frequency(theverticalaxis). The dominantfeatureof this plot is the

fan-shapedpatternof ridgesnear_ = 0.02 s-1. with each ridgecorresponding

to an unresolvedmultitudeof oscillationmodes. All of the modes in a

given ridge havewavefunctlonswith an equalnumberof nodesas a function

of depth in the Sun. A quantummechanicalanalogis thatthe modes in a

given ridgeall have the sameradialquantumnumber,but differentangular

numbers. Havingdescribedthe ridgesas made up of many distinctmodes, I

must quicklyadd thatthismay not be strictlytrue. No observationsto

date haveadequatefrequencyor wavenumberresolutionto splitthis mode

structure,and thusverifythat the modes are not smearedintoone another

by dampingeffects. It seemslikelythat the modes are in fact distinc_

however.

The observationalproblem,then, is to obtainadequateresolutionin

frequencyand wavenumberto separateindividualmodes,if such therebe.

.hewavenumberresolutionone can obtainis limited,however,becauseat a

given timeonly a smallportionof the Sun'ssurfaceis closeenoughtn

disk centerfor accurateobservationsto be made. The sizeof this portion
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Is suchthat typicallyfiveor six distinctmodes on each ridgelie

withina wavenumberresolutionelement. This situationis shownschematically

in Figure4. It is clearthat if the modes are to be resolvedat all,

thismust be done on the basisof their frequenciesratherthantheir

wavenumbers.Groundbasedobservationsare at a great disadvantagein

attainingthisfrequencyresolutionbecausethe sidelobespacingfor such

observationsis verysimilarto the solarmode spacing. The :idelobes

from differentmodeswithinone wavenumberbin will thereforeoverlap,

makinginterpretationof the spectrumdifficultor impQssible. For

observationstakenfromorbit,on the other hand,the sidelobesfall far

outsidethe boundsof any one ridge,and crosstalkbetweenthe different

modes in a ridge shouldbe negligible.The Ohly case in which serious

crosstalkcan developis if the sidelobespacingis the sameas the spacing

betweenridges. Inspectionof Figure3 showsthat for most of the area

of the k-_ diagramthis is not a problem. These sameargumentsapply if

the modes are not distinct,sincein this event the intrinsicridgewidth

due to dampingmust be at leastas largeas the width due to unresolved

modes.

In summary,observationsof five-minuteoscillationsthat are adequate

for detailedstudiesof the Sun's interiorstructurecan probablybe

obtainedonly froma spacecraft. The form of the sidelobestructure

inherentin groundbasedobservationswouldmake the interpretationof

such dataprohibitivelydifficultand ambiguous.

E. The Depth Dependenceof Rotation

As describedby Deubner,Ulrich,and Rhodes(1979)and by Gough (1978),

k-_ diagramssimilarto that in Figure3 may be used to gain informationon

t
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the depthprofileof solarrotation. In simplestterms,this is done

by comparingthe frequenciesof wavetrainsrunningto the east with those

runningto the west, and notingthat if the wavesexist in a movingfluid,

the two frequencieswill be different. One getsdepth infcrmationbecause

differentoscillationmodes are sensitiveto the fluidmotionat different

depths. The observationsrequiredto performthisanalysisare high

resolutionand low noisemeasurementsof the powerdistributionin the

k-m plane. Theseare virtuallythe samemeasurementsneededfor the mode

identificationexperimentsdescribedin the last section,and for the

most partthe same conclusionsapply, The only differencesarise because

rotationmeasurementsdo not requireaccuratefrequenciesand wavenumbers

for each individualmode;an averageover many appropriatelychosenmodes

is sufficient.This suggeststhataccuracysuitablefor some purposesmay

be obtainedfromthe ground. However,the effectsbeingsoughtare

extremelX small,and for rotationdeterminationsof the highestpossible

accuracy,the low noiseobservationsthatare bestobtainedfromorbitwill

probablybe essential.

F. DiameterOscillations

Oscillationsin the apparentdiameterof the Sun haw been reportedfor

severalyears (e.g.Brown,et al., 1978, Hilland Caudell,1979). These

observationsare the centerof a controversy,sinceother authors(e.g.,

Fossat,et al., 1977)maintainthatthe entirefluctuatingdiametersignal

can be explainedas an effectof the Earth'satmosphere.Althoughstrong

argumentshavebeen advancedfor the solaroriginof the oscillations

(Brown,1979;Caudell,1979),the controversypersists,and will probably

continueto do so untilmore convincingproofcan be offeredone way or

the other.
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Assuming the origin of the oscillations to be solar, they must

arise in brightness fluctuations that alter the detailed shape of the
#

limb darkening fucntion. They may be observed using the very sensitive

FFTD edge definition technique (Hill et al. 1975), by monitoring the shape

of the limb darkening function directly, or, apparently, by direct

observation of brightness variations at disk center (Brown 1979). in any

case, tilesignal seems to consist of a number of narrow-band oscillations

superposed on a broad and essentially random background. The signal

amplitudes seen are a few times 10-3 arcseconds for typical peaks in the

diameter power spectrum, or a few times 10-4 in the relative intensity,

and the background noise is of similar magnitude.

All of the above considerations bear on the suitability of this

experiment for SCADM. It is c]ear that observations from a satellite

would settle the issue of whether the oscil.]ationsoriginate in the

Earth's atmosphere. This is not a compelling reason to do the observations

from orbit, however, since one can imagine groundbased observations that

would answer this question equally well (simultaneousobservations at

widely separated sites, for example). Direct measurement of the diameter

may be difficult from a satellite, in view of the large thermal cycles

anticipated and the small relative d_ameter signal observed. This problem

i_aggravated by the similarity between the satellite orbital period and

the periods of some of the interesting oscillations. On the other hand, these

problems can probably be avoided by measuring fluctuations-inintensity

rather than diameter. Finally, and most important, the dominant noise source
a

for these observations will certainly be the solar background mentioned

above. Since this background appears at the same spatial and temporal

frequencies as the oscillations, the sidelobe structure of the window function
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used is of only secondary importance in determining one's sensitivity to

this noise. The important parameter in this case is simply the total

length of observing time, since this detemlnes the amountof noise

that is mixed with the narrow-band stgnal of interest. From this point

of view, observations from orbit would be superior to ground-based

ones by a factorof about2. The _nclusion is that there is no very

significantreasonto measurediameteroscillationsfromorbit,but that

if other instrumentsthatmeasurethe solarintensityfieldare included

on a satellite(e.g.dopplerinstruments),then the associatedbrightness

measurementscouldbe had at no additionalcost.

G. Chromosphericand CoronalTracers

Coronalhole_and X-ray brightpointscan be usedas tracersof the

solar rotation(seeHoward,1978,for a review). Suchmeasurementsare

interestingbecausethesefeaturesare associatedwith the solarmagnetic

fields,and apparentlycontaininformationabout_tion of the solarplasm_

at subphotosphericlevelswhere the fieldsand plasmaare closelycoupled.

There is littleto be said concerningthe relativeusefulnessof groundbased

and orbitalobservationsin thiscase, sincethe wavelengthsof most interest

are not _isiblefromthe ground. If suchobservationsare to be obtained

at all,theymust be done from space. Further,space-provenhardwareto do

the requiredobservationsalreadyexists.

H. EUV Luminosity

•Measurementof the total solarluminosityin a few selectedEUV lines

may tellus much about how the energyb_lancein the chromosphereand

coronachangesduringthe solarcycle. Arguingby analogyfrom Lyman

alpha,the changesto be expectedare on the o_xlerof a factorof 2.
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The instrumentalstabilityfor absolutephotometrymust thereforebe

perhaps10 percent,which may pose some instrumentaldifficulties.The

temporaland spatialresolutionrequiredare minimal,however. As with

the previousexperiment,the wavelengthsin questionrequirethat this

experimentbe done fron_above the Earth'satmosphere.

V. SummaryQ,idConclusions

The resultsof the foregoingdiscussionmay be summarizedby grouping

the experimentslistedin the Table into threecategories,as follows:

CategoryI: Experimentsthatpositivelymust be performedfrom

orbit if the desiredsolar informationis to be obtained,and for

which "he.scientificjustificationis clear.

CategoryII: Experimentsthatare marginallylesssuitedfor

operationfromorbit,eitherbecausethe requiredobservations

might in principlebe obtainedfromthe ground,or becauseit is

not completelyclear thathi_nqualityspacecraftdataare needed

to meet the scientificgoals. The readershouldnote that I have

appliedthesecriteriamore broadlythanothersmight do. For

example,experimentsrequiringfull timeuse of a major groundbased

facilityfor a periodof years are hereconsideredpossible.

CategoryIll: Experimentsfor which thereis no compellingreason

to observefromspace.

With thesecategories,I group the variousexpsrimentslike this:

Cate_or_I

Plasma-MagneticField Interactions

InteriorStructurevia Oscillations

Chromosphericand CoronalTracers
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CategoryII

Rotation,MeridionalFlo,vs,GiantCells

The Depth Bependenceof Rotation

EUV Luminosity

CategoryIll

IntensityFluctuationsand Tracers

DiameterOscillations

Severalpointsaboutthis groupingdeservecomment. First,at

leastone experimentin each of the major groupscan be ratedCategoryI.

This simplyindicatesthatthere is importantsolarphysicsit)eacho(

thesegroupsthatcan be done effectivelyonly froma satellitesuchas

SCADM. Second,all of the experimentslistedin CategoryII can arguably

be placedin CategoryI. The distinctionsI have drawn hereare delicate

ones, and otherworkersmay welldisagreewith the results. Further,I

shou]dreiteratethatnot all interestingSCADMexperimentsappearon the

currentlist. Finally,and perhap_mo_t important,it shoulJbe noted that

the instrumentaland data-takfngrequirementsfor most of theseexperiments

are virtuallyidentical.Thus, if on_ doesany of the velocitymeasurement

experimentslistedunder LargeScale Flowsor Oscillations°the othersmay

be donewith no more effortthan is requiredto reanalyzethe data. In

short,a very few properlychosensatelliteinstrumentscould providedata

of superiorqualityon a wide varietyof solar processes.
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Figure 2. Solar velocity noise measured by a i0" square
aperture shown as a function of frequency. Velocity is

in m s-1, frequency in units of 10 ..4 s-l. The dashed
line is a smooth interpolation between velocities and

time_cales appropriate to granulation and supergranula-

tion, as explained in the text. (a) Shows the position
of the first sidelobe of the window function transform

for ground-based observations. (b) Shows the first
sidelobe for satellite observations.
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Figure 3. Power in the solar velocity field as a function of
horizontal wavenumber kh and temporal frequency _. This fig-
ure is taken, with minor additions, from Deubner, et al. (1979).
Inse-ts (a) and (b) indicate the sidelobe structure expected
from ground-based and satellite observations, respectively. Be-

" cause of the close spacing of sidelobes from ground-based data,
(a) Shows the window function transform central lobe and third
sidelobes, while (b) Shows tL "entral lobe and first side-To'_-es.
Sidelobe amplitudes are not drawn to scale.

 Ep o UCIBglTY OF
131 oRIGINAL PAGE IS POOR e

1980009682-133



)
iJ i ii

K

Figure 4. A greatly expanded view of one of the
ridges in Figure 3, shown in very schematic fashion.
This figure assumes that the ridges in fact consist
of many discrete oscillation modes. The actual mode
positions are indicated by the small dots; the rec-
tangles show contours of constant observed power,
assuming the resolution element in k _nd _ is as
shown in the upper left corner. This corresponds to
an uninterrupted run length of about 2 days and an
observed area on the Sun of about 1000" square.

: (a) Shows the sldelobe positions in w for ground-based
data. With the same central lobe position, the first

: sJ.delobe for satellite observations would appear
at (b).
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QUESTIONS AND COMMENTS

COM}_ENT BY: E. Rhodes, UCLA

DIRECTED TO: T. Brown

I wish to disagree with the placement of the determination
of the depth dependence of solar rotation in Category II.
Specifically, as I will point out later in this Symposium, the
measurement of solar rotation below the bottom of the super-
granulation layer (i.e. at depths greater than O.OSR o) can only
be accomplished with nearly uninterrupted observing runs of 2
or more days in duration. The reasons for this are threefold:
1) the frequency splitting induced in the p-mode oscillations
by rotation is proportional to the horizontal wavenumber, which
means that for the deepest modes (which happen to be those wlth
the smallest values of kh) the frequency _piltt!ng will be much
smaller and harder to measure than it is for the photospheric
layers; 2) the p-modes themselves are more closely-spaced for
these deeper layers; and 3) there are many fewer p-modes avail-
able for averaging the frequency splitting at large depths than
there are at the photospheric depths. Thus, while some rotation
measurements can indeed be made from the ground, a thorough
study of those waves which penetrate the furthest into the sun
will require space-borne instrumentation.

COMMENT BY" E. Reeves, HAO

DIRECTED TO: T. Brown

A magnetograph at some reasonable sampling time but very
high resolution (about 1 arcsec) i_eeds to be among the prime
experiments on SCADM. The discussAun of magnetic fields carried
to the solar surface by X-ray or XUV bright points was not re-
lated to the array of magnetic dipoles observed. Both active
regions and bright points are areas of high magnetic fields;
EUV emission is known to be highly correlated with magnetic
fields, and yet the AR + BP appear to be out of phase in the
cycle. Also, coronal holes appear in only some open magnetic
field regions. Until these obvious discrepancies are laid to
rest, the magnetic field should not be inferred only from these
far ultraviolet tracers.
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: POSTSCRIPTby TimothyM. Brown:

Duringthe discussionperiodfollowingthe oral presentationof

thispaper,a numberof pointswere raisedthat tend to changesome

of the conclusionsI reached. As suggestedin the lastsection,most

of thesetend to make certainexperimentsseemmore attractivefor a

missionsuchas SCADM. However,since someof the pointsindicate

significantoversightsor misconceptionsin the analysisof some

experiments,it seemsappropriatefor me to summarizeherethe most

importantof theseissues.

First,as notedby Dr. E. J. Rhodes,the conclusionsconcerning

the measurementof solarrotationas a functionof depth are valid

only for measurementsthatare concernedwith the outer few percent

of the solarconvectionzone. If one wishesto measurerotationto a

depthof 0.3 Re or so, correspondingto _hebottomof the convection

zone,then the requiredobservationsprobablycannotbe obtainedfrom

the groundat all. This is true becausethesedepthscan be probed

only by examiningoscillationmodes with very low wavenumbers(on

the extremeleft-handedgeof Figure3). In thisregionof the k-_

diagramthe modes are so closelyspacedin frequencythat,for a reasonable

k resolution,the individualridgesoverlap. In thiscase any sidelobes

at all are highlyobjectionable,and the multiplicityof closelyspaced

sidelobesencounteredwith groundbaseddata would surelyprove fatal.

In addition,the rotationaccuracyobtainablewith a given signal-to-

noise ratio is proportionalto k. Thus, higherprecisionmeasurements

are requiredif rotationis to be measuredat largedepths,a situation

thatis aggravatedby the comparativelysmallnumberof modeswith small
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wavenumbers. In short, the depth range that is of greatest interest

for theories of the solar dynamo is almost certainly inaccessable

for groundbased measurements, but could be studied from space,

particularly from a high inclination orbit. On this basis, the study

of solar rotation via oscillations must be rated as a Category I item

in the listing given above.

Second_ Dr. H. Hinteregger argued persuasively that, while we

may not be able to interpret the variation in EUV fluxes in terms

of solar internal structure, these same fluxes are of crucial importance

in understanding the Earth's response to the solar cycle. Thus, the

restricted area of interest addressed in my analysis can lead to a low

estimate of the usefulness of experiments that are fully justifiable on

other grounds.

Finally, Dr. T. P. Caudell pointed out that if each of the peaks

in the spectrum of diameter oscillations consists of the sum of many

closely spaced modes, then these modes probably cannot be resolved from

the ground. The argument in this case is identical to that used to

determine whether individualmoo, in the five minute oscillations can

be resolved with groundbased observations. The problem of background

noise remains, however, and will still set the limit to obtainable

precision in measurements of the diameter oscillation spectrum.

$
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SecondGenerationDetectorfor Low Order

GlobalSola_ Oscillations*

F. F. Forbes,R. Bos, and H. A. Hill

Departmentof Physics,Universityof Arizona

Abstract
The first observations of long period low order global solar

oscillationsgrewout of diametermeasurements made at SCLERA** over an
extended period of time. As a resultof these investigations,a detailed
understandingof the surfacepropertiesof the oscillations has evolved,
allowing developmentof a secondgenerationdetector. This new detector,
currentlyunderdevelopmentat SCLERA,directly utilizes various surface
properties of the o_cillationsand does not,therefore,directlyinvolve
diametermeasurem(nt_.The specificationsof the detector,its supporting
telescopeand the observingprog'amare reviewed.

1. Introduction

The value of detectingand being ableto studythe low orderglobal

oscillationsof the sun for the evaluationof the internalsolar structure

, is widely appreciated.The periodsof the low orderoscillationsthatare

of particularinterestare betweenfive minutes and several hours. This

area of research has received much attention in the latterpartof the

seventiesand althoughthe subje't remains somewhat controversial,the

observational evidence suoportingthe detectonof these oscillationshas

becomefairlysubstantial.

It may be argued by some that the potential for a better

understandingof the solar interiorand hence stellarstructurein general

is so great that this is of itselfsufficientreasonfor mountinga space
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program to study low order solar oscillations,independentof whetheror

not they havebeenobservedwith groundbasedtelescopes. It may also be

felt in some quarters that the theory of stellar oscillations is

sufficientlywell understoodthat the design of a good space program can

proceed relyinguponpulsationtheoryalone. Unfortunately,this approach

is not without its critics primarily because of a lack of theoretical

understandingof the observed propertiesof oscillations.Consider,for

example, the well established five minute mode where it has not been

theoreticallypossibleto estimate,to an orderof magnitude,the observed

amplitudeof theseoscillations(Goldreichand Keeley1977).

Thus, there are clearlytwo possibleapproachesto the designof a

space program for the study of solar oscillations: one is to utilize

_ecilar oscillationtheoryin a domainwhere it is clearlyinadequate;the

other is to rely uponpreviouslyobservedpropertiesof solaroscillations

even though someof these propertiesare not understoodtheoretically.We

have electedto use the latterof these two approachesas we believe it to

be the one most likelyto leadto a successfulspaceprogram.

Observationalevidence of potential value to the design and

justificationof a spaceprogramfor the studyof solaroscillationsexists

in the"formof: (i) temporal properties which can be used to identify

global oscillationsand which havebeen used in groundbasedobservations

to poiatto the existence of such oscillations; (2) the separation in

frequency space of the oscillations; and (3) the amplitudesandspatial

properties of the radiation intensity associated with the global

oscillations. The followi_gsectionsdiscussthe _dvantagesthat a space

,.ogre,..can .....,.....h a program, ....d
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best utilizethe observedpropertiesof the oscillations

2. Te,nporalProperties

The major advantage of a space program for the steadyof solar

oscillationsis foundin the opportunityto (1) takedata for periods that

, are larger than approximatelyeight hours,(2) takedata sets tn_t are not

separatedin time by multiplesof 24 hours, (3) have an observing period

that is not controlledby theweather,and (4) have removedthe seeingand

differentialrefractioneffectsarisingin the earth'satmosphere. It is

true that the negative _pects of the firstthree problemslistedcan be

amelioratedsom,lev/natby establishingseveralgroundbasedobservatoriesand

it, in fact,m_y be necessaryto resortto such an optionif an appropriate

spaceprogramis not imple_aented.

2a. Evidencefor the DesignOptionsof ExtendedData Sets

Tde frequencyresolutionin an eigI_thour length of data is not

adequate to resolve "he reported low order n,odes of oscillations as

discussedbelow in section2b. In order to extend the observing period

beyond eight ho_ars,the relevant question is, how long do these

oscillationsre,,_ainphasecoherent. Anotherway of statingthe questionis

what is the naturalwidth in frequencyof these oscillations.

There have been three observational studies on this question

regarding oscillationswith periods<= i hour(Rrown,Stebbinsand Hill,

1978;Hill and Caudell,1979;and Caudellet al.,1979). Althoughthe work

of Brown,Stebbinsand Hill (1978)gave resultsthatwere consistentwi_h a

phasecoherenceof days,the statisticalsignificanceof the results was

not very strong. Withthe work that followed,significantphasecoherence

was observed for 6 oscillations during a 13 day period in the 1973
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observations {Hill and Caudel! 1979)and for 12 oscillationsduringa 23

day period in the 1978 observations (Caudell et al., 1979). The

statistical significance reported for these two results received

considerableattentionat the 1979 workshop on nonradial and nonlinear

s_.elldrpulsations{Hilland Dzlembowskl1979).

This degreeof phase coherence is consistent with thac expected

theoreticallyfor low order globaloscillations(cf.Wolff,1972)and it is

this characteristic that most strongly supports the global mode

classification of the reported oscillations. In any case, the

observationalevidencedoes giveconsiderablesupportto the justification

of a spaceobservingprogramcoveringtwo to fourweeks.

2b. Lengthof ExtendedData Sot

There are two time scales dictated by the properties of the

oscillationsthat are relevantto the designof an observingprogram. The

first is given by the frequency spacing of the modes vdthoutrotational

splittingand the secondis given by the rotationalsplittingof the modes

of oscillation. For frequenciesnear0.5 mHz, the m_ _ frequencyspacing

withoutrotationalsplittingis approximately12 _Hz (cf. 2.2.3 in Hill

19'78). As one moves to frequencieseitherhigheror lowerthan0.5 ,nHz,

thismean frequencyspacingdecreasesrapidly. Usingthe surfacerotation

rate of the Sun as an estimate of the internal rotation rate, the

rotationalsplittingof the oscillationsis expected to be approximately

0.4 pH.-. The lengthof data setsrequiredto resolvethesestructuresare

one day and longerfor the firstand 27 day_ forthe latter.

140
t

1980009682-141



3. Detector Design, Second Generation

The detection of the low order global oscillations has 'een

repcrted in a solar diameter measurement program (Hill and Stebbins 1975,

Brown, Stebbins aw,dHill 1978, Caude_l et al., 1979). However, Lhe

complexity of solar diameter measuring _.iescopes does not appear to be

required for a s_ce program. Althou_n the osc_llationswere observed in a

diameter measurement, the primary ,aanifestationof the oscillatons is not a

radius change but a change in the radiation inter-_Ly of the solar limb,

i.e., a change in the limb darkening function. This has been demonstrated

by simultaneous studies of diameter and radiation intensity measureL.Tents

(Hill and Caudell, 1979; Knapp, Hill and Caudell, 1979). The properties of

the radiation intensity in relation t, _olar oscillations have also been

studied by Stebbins (1979), Brown (1979), and Brown and Harrison (1979).

3a. Properties of the R_diation Intensity

It has been possible by simultaneous diameter and radiation

intensity measurements (Knapp, Hill and Caudell, 1979) to ascertain tt,e

spatial properties near the solar limb of I', the Euleriar perturbat,,)nof

the radiation intensity associatedwith the oscillations observed in solar

diameter measurements. The necessity of using simultaneousdiameter and

radiation intensity measureme-ts to recover I' arises because of the

techniques currently used to reduce the effects of seeing in the eartn's

atmosphere•

Samples of the results obtaineJ by Knapp, Hill and Caudell, (197g)

for I' are showr,in Figures I and 2. This is the oscillati_-_oart of I at

frequencies 0.415 and 0.511 mHz as a function of position. Note that the
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phases are functions of position. The Eulerian perturbation of I is chosen

as the most useful representationof the results in designing the detector.

This is the change in ! observed et some fix_ direction in space, not in

some moving coordiPate system such as with a Lagrangian pcrtubation.

The most striking feature of I', as shown in Figures 1 and 2, is

the pronounced peak at the solar limb. The detection of the solar

oscillations is made easier _here the detector is designed to take

advantage of this spatial property.

3b. An astrometric quality instrument

As sho_m by Stebbens (1979), it is not necessary to have an

astrometric quality instrument to detect the low order .olar oscillations.

However, if the important properties of the radiation intensity I', as

si_own in Figures 1 and 2 are to be fully utilized and if it is desired to

be able to study I' in more detail, a quantity sorely needed in the study

of pulsation theory boundary conditions, then the constraint for an

astromet,ic qual-'Lytelescope cannot be relaxed.

It is noted that the astrometric quality of the instrument is one

of considerble scientific value. However, the astrometric quality is

required only in the measurement of ore limb relative to a diame_rically

opposite one, not a measure of the diameter per se. The design that is

under test at SCLERA is outlined in Figure 3 where the two appropriate

images on the solar limb are imaged on one detector. The ground-based

observations currently suggest a telescope for space use with a focal

length on the order of 10 meters in order to match tileClD array to the
a

telpscope plate scale.
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3c. Detector

The applicabilityof Charge Injection Device (Cll))for use as a

self scannedimagingarray for astronomicalobservationshas been discussed

by Aikens,_nds and Nelson(1976). The advantagesof randomaddressesand

non-destructivereadoutsuggestedit'suse for solarlimb imaging. The 40p

pixel sizefor the GeneralElectricll_2200 camera provides a convenient

scale of 80 x 80 arc seconds at the SCLERA astrometrlctelescopefocal

plane thereby_atchlngthe present54 x I00 arcsecondrasterscannedfield.

For ground based telescopes where seeing effects predominate, solar

telescopesnose focallengthsexceed10 meterswould be requiredto insure

that a sufficientportionof the limb had been imageduponthe CID detector

chip for analysis. In space,however,the final edge definition depends

more upon detector arrayquality,which we haveatt_pt_ to studyin the

laboratoryby means of imagingsimulatedsolarlimbtargets. An Interdata

6/16 computerwas use to processburstsof ten digitalframesgeneratedby

a GeneralElectricll_2200camera and PA 2110A Interface unit. An edge

definitionschemewas used in which the inflectionpointwas determinedfor

each scan line,frame,and burst of frameswith a resultant precision of

±0.2micronsin fiveseconds. These resultsconfirmthe utilityof the CID

cameraas the secondgenerationdetectorfor high_patiairesolutionsolar

Ii_ imagery.
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Summary

To aid in continued study of solar oscillations from Earth and

spacebased telescupes,a detectorpackagehas been describedwhich extends

existingobservationaltechniq_-s. This secondgenerationdetectorimages

sufficient regionsof opposingsolarlimbs to allowdetailedinvestigation

of the low order globaloscillationsover ext_,_dedperiods of Lime. The

new data which the CID detectorcameraprovideswill directlysupportthe

understandingof the cyclicnatureof the sun.

The authorswish to acknowledgethe very importantcontributionof

J. Knappwho kindlylenthis preliminarydata for figures1 and 2 of phase

and intensity vs solar radius. T. P. Caudellhas made availablehis 1978

solar limbprofiledata in addition to very valuable discussions. All

necessary compvter programsto operatethe CID camerahave been generated

by M. W. Bushroe.

* Thiswork has been supportedin partby the NationalScienceFoundation.
** SCLERAis an acronymfor the SantaCatalinaLaboratoryfor Experimental
Relativity by Astrometry, a research facility jointly operated by the
Universityof ArizonaDepartmentof Physicsand by WesleyanUniversity.
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THE MEASUREMENT OF GLOBAL SCALE

SURFACE DYNAMICS

E.N.Frazier
SpaceSciencesLaboratory
IvanA.GettingLaboratories

THE AEROSPACE CORPORATION

Abstract

The SCADM mission implicitly contains a requirement for a fundamentally new

type of s_tellite instrument: a very sensitive (~ 1 m s-l), imaging velocity detector.

This is needed to measure global oscillations and global circula'_ion patterns, but the

sensitivity requirement is so severe that it has not yet been met even with ground based

instruments. In this presentation, the various possible sources o_ noise and other errors

in such a device are considered, and the more detailed instrumental requirements are

developed. This leads to the conceptual design of a "velocitygraph" that appears to

achieve the necessary sensitivity and imaging capability within a resonable weight and

volume.

I. Introduction

At the very heart of the Solar Cycle and Dynamics Mission there is a need to

measure the surface motions of the sun very precisely. These observed surface motions

are extraordinarily useful as diagnostic tools which can be used in a variety of ways to

inter the structure and dynamics of the so1_r interior. The scientific questions that can

be answered by this approach have been discussed by Gilman (1979). He_e, we only need

to, summarize the different types of surface motions that can be observed and that bear

directly on the problem of internal structure and dynamics:
1. differential rotation

2. Globaleddies

3. The interactionof thesetwo phenomena witheach otherand withsolar

activity

4. 5 rainoscillationsofallspatialscales

5. Longerperiodoscillations(theso-calledglobaloscillations)

6. The evolutionofallofthesephenomenathroughoutthesolarcycle
4

Alloftheseeffectsshouldbe observedwitha basicaccuracyof1 to 10 ms-1 (Gilman,

1979).
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There is a fundamental problem with this entire direction of research: this

extremely high velocity accuracy of up to 1 m s-1 has never been attained before, not

even with a ground-based instrument. Therefore it seems essential to confront the

fol/owing basic questions: Is it even possible to build a space qualified "veloeitygraph"

with an accuracy of 1 m s-l? If so, what is the best way to do it? It is the purpose of

this contribution to begin the search for the answers to these two questions.

The approach that will be fol/owed will be a "top down" consideration of the

observational requirements first, then the technical problems to be expected. The

critical technical problems shou/d be identified as quickly as possible. Fonowing this,

the general types of spectra_ isolation devices will be considezed with the intent of

identifying the optimum type of instrument. Finally, a strawman instrument will be

developed in more detail to see if it can indeed fulfiU aU the requirements. At such a

_ preliminary stage, the analysis will have to be quite general, with many important details
treated oaly in a very cursory manner. But the two basic questions wiU be answered and

the critical problem areas win be identified.

II. General Considerations
r

A. Observational Requirements

The prime requirement is the above mentioned veioeity accuracy of 1 m s-1

that is estimated to be necessary to detect global eddies and large-scale, low-frequency

oscillations. This requirement can only be an estimate at this time because there is no

real theoretical guidance as to what the expected amplitudes of these motions may be.

There is also no empirical guidance because these motions have not yet been reliably

detected. Still, it can serve as a very useful reference point against which instrumental

capabilities can be measured.

The required spatial resolution is a very important parameter. There is no

clear minimum resolution requirement with regard to any oscillatory mode, since these

modes can be excited over the complete range of spatial wavelengths. A rough

resolution requirement can be derived by requiring that an active region be at least

crudely resolved so that any possible interaction between it and a global eddy can be

detected. This is roughly 10 are see resolution. Of course, the maximum field of view

must be the entire solar disk since the truly global effects are of paramount importance.
4

The time required to make one sample of the entire sun must be less tz;_n 2

: minutes, preferably even less. Otherwise, the relatively large power pre_ent in the 5 m;n
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: oeelllations will be alissed into lower frequencies. An equally stringent requirement is

that the total observing time be of the order of 5 days and the duty cycle be nearly

100%. This is necessary to resolve the individual oscillatory modes, as is being discussed

elsewhere in this symposium (c.f., the contributions by Rhodes and by Brown).

In summary, one needs to make a velocity map of the sun, with about 200 x

200 grid points, every two minutes for 5 days, with each measurement being accurate to

1 m s-1. It is important to note at this point that these requirements imply not only a

high sensitivity to Doppler shifts, but _iso a high wavelength stability. Essentially, the

wavelength of a solar absorption line must be known to 1 part in 3 x 108 over the entire

field of view at any time for 5 full days!.

B. Technical Problems

In order to achieve such sensitivity and stability an impressive list of

technical problems will have to be solved. It is well to begin making this list now, so

that the individual items on it may be considered as soon as possible. Table 1 contains

such a list. It is most certainly still incomplete at this early date, but it should contain

the major problems. Most of the items on the list are self-explanatory, but several of

them deserve further comment.

Calibration will be a major problem. Currently, most techniques measure AI

in the wing of an absorption line at a fixed k and calit',ate the Doppler shift Ak = f(AI)

by measuring the line profile. But the line profile ct. ._ges as a function of the motion,

and anyway solar lines are not even symmetric. One must therefore confront not only

instrumental calibration prob:_ms, but also the interpretation of a velocity from a line

which is changing its profile as well as shifting.

The maintenance of wavelength stability for 5 days will be a major

engineering challenge. It seems imperative that a wavelength standard, preferably a low

pressure absorption cell, will have to be an integral part of any instrument, and that the

observed wavelength of a solar line wilI have to be referenced to this standard as

directly as possible.

The instrument will have to have a very wide dynamic rar_ge. The upper limit

for this seems to be driven by the orbital line-of-sight velocity of the satellite, - • 5

km s"l,or a dynamic rangeof ~ 104. When thisdynamic range isadded to the '

requirementtomake a 200x 200 map ofthesunevery2 minutes,itbecomesclearthat

thedatarateof thisinstrumentwillhave to be veryhigh. A minimum datarate,to

14g ,
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transmitmaps of Dopplershiftsonly,is~ 10 k bitss-I,continuous.Inreality,several

, otherparameterswillprobablyalsobe mapped and transmitted,suchasintensityinthe

linecoreand continuum,an asymmetryparameter,and so on. 10 k bitss-1 willbe

neededforeachoftheseparameters.Thisdataratewillhavea severeimpactnotonly

on thetelemetrysystem,butalsoon theexperimenteleetroniesandprocessingdesign.

Isthereanythingtobe gainedby merelylistingthemajorproblems,and P.ot

solvingany ofthem? Yes,one importantconclusionemergesdirectlyfrom thislist:The

best spectral isolation device that is used to measure the Doppler shift would be one that

is capable of measuring two complete line profiles (a solar line and a reference Hne)

simultaneous17 and is capable of tracking the shift of each profile independently over a

range equivalent to 10 km s-1. This capability alone will make the solution of many

separate problems on the list much easier. For example, an observed shift of the

reference line will provide evidence of an instrumental wavelength drift and will provide

an error signal to a servo wavelength stabilization scheme. Other examples come readily

to mind.

C. Noise

Noise is an important consideration, and can enter into "the experiment in

subtle ways. Therefore, a few general remarks about it in passing are appropriate. One

can always separate noise sources into three general categories; random, or "white"

noise,low-frequencyor 1/for "red"noise,and band-limitedor "monochromatic"noise.

(When dealingwithquantitiesthatarea functionofspaceand time,asthisinstrument

will,itisunderstoodthatthefrequencycharacteristicsor"color"ofnoisesourcesmust

be appliedto spatialwavenumbersas wellas to temporalfrequencies.)Whitenoise

sourcssarephotonnoise,detector .seand trulyrandom solarmotions.Ifthesenoise

sourcescanbe keptbelow1 m s-1,theywillbe absolutelynegligible.The reasonisthat

white noisepower,by definition,willbe spreadevenlyover the entireobservedk-

w plane.Giventheobservationalparameterslistedabove,thek-w spacewillhavethe

orderof107 resoluticnbinsinit.Therefore,a totalwhitenoisepower ofI m 2 s"2 will

resultina noiseperk-w binof ~ 0.3mm s-l!Thisimpliesdetectabilityofa 5 min

oscillationwitha totalexcursionofaboutone inch! Conclusion:whitenoiseisnot a

limitingfactor.
0

Band-limited,or "monochromatic"noisegenerallycomes from instrumental

flaws,and assuchisan engineering"detail".An excellentrealexampleofsuchnoise
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Table I. AnticipatedTechnicalProblems

How to make a singleobservationof AX to one partin3 x 1087

- What isthe optimum spectralresolution?

- How toachievesufficientphotonstatistics?

- Accurate calibration

- Measurement and interpretationoflineprofileasymmetries and variations

- Calibrationof instrumentalprofile,includingsecondordereffects

Instrumentalstabilityzor5 days

- Variation of line profile over the field of view

- Mechanical, thermal and electronic fluctuaLions

- Can passivestabilitybe achieved,or must activeservotechniquesbe used?

Spuriousvelocitiesofsolarorigin

- Solar rvtationimpliesa requirement for wide dynamic range and small

guidingerrors

- Granulation,supergranulationproduce low (temporal) frequency noise;

requiresmallguidingerrors.

Data Throughput

- Optical throughput

- High speed electronic and digital processing

- Telemetry requirements

DetectorAssociatedProblems

- Detectorsaturation

- Gain variations of array detectors

Orbit Associated Problems

- Need special orbit to get near 100% duty cycle

- Orbital LOS velocity is ~ 5 km s"1. This requires very high dynamic range

- Weight, size, power limitations

I
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can be found in the results of Rhodes et al. (1977), wherein a slight guider error coupled

through the scanning motion into spatially band-limited noise at k = 1.1 ram. _ore to the

point, one can expect for example that any satellite experiment wi!l have an intense

noise spike at the satellite period. This might not be considered noise as such, but the

result will still be to obscure solar signals at this frequency. Furthermore, the spike will

be so intense that it will generate sidelobes at other frequencies which will also function
asnoise.

"Red"orllfno',_ecomes from two generalsources:instrumentalandsolar.

Any instrumentaldriftor non--periodicchangeof any kindproducesred noise. Solar

granulation,supergranulationandany othernon-periodicmotionsproducerednoise.All

ofthesesourcescan be intense.Nothingcan be doneaboutthesolarsources,so they

wiU definetheutlimatelimitingsensitivityof any experiment,and thatsensitivitywill

varyoverthek-w planedependingon thetruespectralcontentof thesesources.That

sensitivityhasnotyetbeenreachedintheinterestinglongwavelengthregionofthek-a_

plane,soitcannotnow be estimatedreliably.Inpractice,instrumentallyoriginatedred

noisehasbeenthelimitingfactorinallmeasureme,ltsofsolaroscillationstodate.This

canbe seengraphicallyand directlyintheresultsofRhodes,etaL (1977)and Deubner,

et al.(1979).In any experiment,thisnoisesourcecan orgybe reducedby careful

attentiont,_instrumentalstab_ity.Conclusion:Inthe instrumentconsideredherein,

stabilityw_ilbe a criticaltechnicalproblem.

D. Types of Spectral Isolation Devices

Itisclearthatthe heartof thisentireinstrumentwillbe the spectral

isolationdevice.Isanyone typeofdeviceclearlysuperiortotheothers?Table2 lists

thevariousgeneraltypesandtheiradvantagesand disadvantages,Itisofcoursepossible

todevisevariousmodificationsand eombinatiorLsof thesegeneraltypes,s3 thesimple

categorizationofTable2 isvalidtofirstorderonlY.

Allof thedeviceslistedinTable2 haveatleastone seriousweakness.For

two of thedevices,theFourierTransformSpectrometerand the HeterodyneSpectro-

meter,the weaknesses appear to be fatal. Filters are obvious candidates for a satellite

: instrument because of their small size and weight. But they must be constantly tuned in

wavelength back and forth between the reference line and the solar line, as well as

across the profile of the solar line. Each step of this tunilig proees.r must be controlled
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to one part in 3 x 108. This introduces undesired complexity and still more control

problems. Furthermore, filters are the most difficult of all the types of devices to

control by the very reason that they ar8 so small. The required mechanical tolerances

are literally of atomic dimensions! As an order of magnitude example, consider a Fabry

Perot filter with a cavity length of 1 era. (A realistic device of this size would have a

resolution of _- 2 x 105 in the visible spectrum, more than sufficient to measure a crude

solar line profile.) The spacing, flatness and parallelism of the plates of such a filter
O

would have to be con'.rolled to a linear dimension of 1/3 A. Clever design could certainly

relax this requirement to some extent, but it would always remain es a r 9r weakness

of filters. Filters can be used as dispersing devices, thereby eliminating the need for

tuning. The classical ring spectrum of a Fabry-Perot is perhaps the best known example

of such a mode of operation. However, this sacrifices throughput which would have to be

compensated for by making the filter larger. Furthermore, the atomic mechanical
tolerances mentioned above remain.

By process of elimination then, one is left with the grating spectrom_.er, the

largest, heaviest and technically least sophisticated device of a!l. It siiould however be

noted that all previou_ ground-based veloc;ty observations which have led to k-a_

analyses have been made with grating spe,.trographs. There are reasons for this. The

main reason is that the most citical variable of all, wavelength, is [;resented to the

detector instantaneously and unmultiplexed. This immediately eliminates tuning

problems, electronic problems associated w,t,, demultiplexing, and time-delay problems.

Furthermore, a second va, lable, one spatiel dimension, is also passed simultaneously

through a grating spectrometer, enabling the array detectors currently being developed
>,

to be utilized to their full potential. Of the viable candidates, only the grating

spectrometer possesses all of the desirable characteristics of a spectral isolation device
that were described in Section IIB.

The usual low throughput disadvantage of gratings can be removed for this

application because high spatial resolution is not required. Given a moderately large

grating with spectral resolution far greater than needed to measure a crude line profile,

the entrance slit of the spectrometer can be _,t_ened much wider than its theoretical

resolving limit, thereby achieving increased throughput at the expense of the unneeded
4

_ spatial and spectral resolution. It remains to be seen if such a concept will indeed work

_ out and fit into a package of at least moderate size.
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Table 2. Types of Spectral Isolation Devices

1. Filter_

advantages: small,lightweight,highthroughput

disadvantages: must tuneover X. Every tuningstepmust be controlledto 1/3 x

10-8. Mechanicaltolerancesare of atomic dimensions.

2. Filters used as dispersing devices

advantages: small, light weight, no tuning required

disadvantages: low throughput, instrumental profile is E function of wavelength,

severe mechanical toi_rar,,ces.

3. FourierTransform Spectrometer

advantages: small,lightweighL high throughput,X multiplexed

disadvantages: the need for de-multiplexingX puts an intolerableburden on

electronics,severemechanicaltole,arves.

4. HeterodyneSpectrometer

advantages: small, lightweight, can achieve fullspectralresolutionand

stability.

disadvantages: tl_-oughputisintolerablylow.

5. GratingSpectrometer

advantages: wavelength and one spatialcoordinatea:e trap_.{ttedsimul-

taneouslyand unmultiplexed,mechanical tolarance_are of the

orderof the wavelength_fvisiblelight.

disaovantages: low throughput,largesize.
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m. Strawman GratingSpectrometer

A. Optic_alDescriptio_.n_n

We can now developthe main featurescf a complete "velocitygraph"based

on a gratingspectrometerthatisused in the "highthroughput- low resolution"mode.

We beginby settingthe desiredobservationalparameters in more detail.The aperture

of _hetelescopeisthensetby thedesireto count enough photonsto reduce photon noise

below 1 m s-1. The spectrographisthen matched to thetelescope.

An angularresolutionof 8 are see is adopted. This resultsin 250 spatial

resolutionelementsacrossthe sun,a number that iswell matched to the size of many
O

two dimensionaldetectors. A spectralresolutionof .080 A is sufficientto record a

er;idelineprofile.However, adjacentelements of an arraydetectorcan simultaneously

countphotonsthroughouttheentireline.

Straightforwardcalculationsshow that,inorder to measure a Doppler shift

of a moderately deep solarabsorptionlinecorrespondingto 1 m s-I, about 4 x 108

photons must be counted. The entrance slit of the spectrometer must be scanned across

the sun (_ 250 resolution eler_ ,nts) in 100 s or less. So the required photop count xate is

(250 .9 s-1
N = 4 x 108 "i-00)= _" photons perspatialresolutionelement. Taking theresolution

O

element to be 8 arcsec,a wavelengthintervalof .032A (4spectralresolutionelements)

and reasonableestimates of the transmissionof each opticalelement and detector

efficiency,thisphoton ratecan be achievedwitha telescope15 cm indiameter.

The spectrographissizedby matching itsthroughputto thatof the telescope.

Thisleadsto therelation:

A O (arcsee)

Dspec - 103 _)_ (/_) Dtelese°pe (I)

For the above AS and A)_, Dspec _ D ' The aperturesof the spectrographtelescope"
and telescop(can be identical;the telescopeservesthen onlyto providea focalplaneat

the entrance slitof the spectrograph. A gratingof dimensions15 x 30 cm is large

enough to satisfythe throughputrequirement. _,hetheoreticalresolutionof a grating
O

thissize is.009 A, thereforethe instrumentalprofilewillbe dominated by the finite

wiLdthof theentranceslit.

The focallengthisa w,.rycriticalparameter. Itissetby the need to image

one angularresolutionelement oi,Ioone detectorresolutionelement. Taking a typical
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detector element size of 50 /J m, the resulting focal length is 1.5 m. (This implies an f

ratio of 9.5 which is faster than torah.on grating spectrographs of this size. Therefore

era= in the optical design and f_brieation seems to be indicated in order to reduce

aberrations to an acceptable value.) Given the need for a telescope and a spectrograph,

each with a focal length of 1.5 m, and the possibility of folding at least the telescope

opti_-al path, it seems fairly safe ¢o predict even at this early stage that the entire

optical assembly can be contained in a package of 3 m length, perhaps 4 m at the most.

Conclu._ion: It is indeed possible to construct a grating spectrometer device with

sufficient throughput and spectral resolution that is still small enough to be flown on the

SCADM mission.

B. Detector Requirements

The ideal detector is a CID or CCD array with about = 256 x 256 diodes on 50 /1m

centers. However, rather severe requirements are placed on such a detector and its

amplifier. As discussed above, in order to achieve photon statistics sufficient for

sensitivity of 1 m s-1 it is necessary '_.cdetect _ 4 x 108 photons on four diodes. Since

_- 250 spatial eiements must be scanned in 100 s or lvss, then 108 photom; must be

eounted by a single diode in 100/250 = .4 s. If the array is read out at a rather standard

rate of 30 tlz (i.e., 12 readouts per single observation), then two severe requirements

result: 1) Each dioJe must be able to store a charge of _ 107 photoelectrons without

saturating. 2) The am_._fier must operate at a rate of 2 MPz with a noise equivalent

charge of less than _(107 = 3 x 103 electrons. These two requirements can be traded off

directly against each other, but they both already challenge detector and amplifier

technology. Present array detectors typically saturate at 106 photoelectrons or less and

present amplifiers operate at _. 2 x 105 Hz. Since both these parameters are an order of

magnitude too low, it is clear that the detector/amplifier _ombination represents a

critical problem area. To state this problem another way, the throughput limit of this

instcument is at the detector/amplifier stage, not in the optics.

There are schemes by which this problem can be alleviated. For example,

one scheme recognizes that, of the 2562 diodes in the array, the outputs from only a

small fraction of those are really of interest and need be amplified etc., namely only

those columns of diodes that lie in or near the two spectral lines of interest. This

amounts to about ten columns for each line, or a total of 20. The other 236 columns

sample only uninteresting continuum. If the output from these 20 columns of diodes can

be stored for later amplification, then the required amplifier rate is reduced by an order
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of magnitude. Another possibility is to increase the saturation charge of the detector t'y

increasing the area per diode. If the diode spacing is increased from the nominal 50 ]_m

to 150 _ m, the saturation level is 9 times higher. This would require optical

magnification of some kind near the focal plane though. Clearly, important details

remain to be wol ked out in this area.

IV. Summary and Conclusions

The broad and cursory tone of this paper is intentional. T's purpose ;.s to stimulate

thought and discussion by pointing out problem areas and possible solutions, and not to

present any given solution or total package in great detail. Nevertheless, a few general

conclusions already appear to be fairly firm. First, the two questions posed in the

introduction can be answered: The construction of a satellite based 1 m s-1 "velocity-

graph" does appear to be feasible. A grating spectrometer appears to be the best type of

instrument for the job. Beyond these two statements, two technical poblem areas can be

identified as being {he most critical: 1. The stability of the instrument is more critical

than its noise level, and will prob_tbly set the ultimate semitivity level. 2. The

throughput limit of the entire instrument is at the detector/amplifier combination. The

capacity of the detector and the noise of the amplifier are critical technical problems.
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of Solar Rotation Inward to the Base of

the Convection Zone

Edward J. Rhodes, Jr.

Department of Astronomy
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As we have already heard earlier in this symposium, the acquisition and

analysis of observational data concerning the dynamical state of the solar

interior will be crucial for improving our understanding of the solar activity

cycle. Among these data will be measurements of the rate of rotation at various

depths in the solar interior and of temporal changes in the rotation.

This afternoon I hope to convey the following three points: first, it is now

possible to measure the absolute rate of the sun's rotation (in meters per second)

below its visible surface over the outer 3% of its radius with ground-baaed equip-

ment; second, the theory of this technique has now been developed to the point

where it is potentially possible to measure rotation inwar6 to the base of the

solar convection zone; and thlrd, such deeper rotational m_surements, extending

from 3% inward to 25-30% of the sun's radius can only be obtained from a space-

borne instrument which is not subject to the normal earth-based day-nlght observ-

ing cycle.

To begin, it is the existence of the non-radial acoustic (or p-mode) oseilla-
e

tions of the sun which permits the measurement of sub-photospheric solar rotation.

The first figure shows the most recent observational confirmation of the existence
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of the p-mode oscillatlons. This figure is a grey-level display of a diagnostic

dlagram_ or two-dlmenslonal (_- _) power spectrum. Thls spectrum was obtained

from a continuous ll-hour observing run on the McMath Telescopa at the Kitt Peak

National Observatory. It was obtained _n 15 April 1979 wlth the assistance of

Drs. Jack Harvey and Tom Duvall. It shows the concentration of observed power

into many distinct ridges. These ridges are distinct functions of the horizontal

wavenumber (running across the spectrum) and temporal frequency (running vertically).

Theoretical eigenmode analysis shows that these ridges of observed power

are due to non-radial p-mode oscillations. It is these power ridges which permit

the measurement of solar rotation with the oscillations. This is accomplished by

guiding the telescope being used on the limLs of the sun and then letting the

sun's rotation cgrry the pattern of oscillating motions through the telescope's

field of view. observations are made in this manner, the p-mode ridges are

systematically shif___ in frequency. For example, in this figure he upper set of

ridges _an be seen at higher absolute frequencies than the lower set of ridges,

which in turn have been shifted to lower absolute frequencies. (Since the origin
r

of the spectrum in the figure is in the middle of the left-hand axis, positive

frequencies increase upward at the top while negative frequencies increase downward

at the bottom.)

Rhodes, Deubn_r, and Ulrich (1979) have recently shown tDat the amount of

frequency splitting which is introduced in corresponding ridges in the two parts

of the spectrum by the rotation is proportional to both the horizontal wavenumber,

_, and the rotational velocity, Vro t. By measuring both the frequency splitting

and the horizontal wavenumber at various places in the spectrum, one can calc_tlate
0

the rotational velocity (or velocities) directly.
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The exciting aspect of making these measurements at different depths below

the photosphere comes about because the individual p-mode waves are sensitive to

rotational influences at different depths. This fact is illustrated in the second

fis_re. In this figure I show an expanded portion of the theoretically-predicted

p-mode spectrum for Icng wavelengths (small _). In this figure the theoretical

p-mode ridges are shown as the light solid curves which run diagonally across

the spectrum and which are labeled PO through PI4" The heavier solid lines which

are running more vertically are contour lines which show the locations of those

wavemodes which have the same effective depths. The scale of the depth contours

is shown adjacent to them and is labeled in fractions of the sun's radius.

Clearly, much of the spectrum is sensitive to rotation at relatively shallow

depths (i.e., depths near 1.0 Re), while the deeper-going portions of the spectrum
i

are crowded together at low wavenumbers. As of this time, rotational observations

have only been obtained with the p-modes for the outer 3% of the solar radius.

The results of these ground-based observations are contained in Deubner, Ulrich,

and Rhodes (1979).

\
\

The interestlng, deeply-penetrating modes are precisely those which are the

most crowded together in the spectrum and hence are the most difficult to separate

obser_ationally. In addition, the expected frequency splitting due to rotation is

much smaller for those modes since _ is so much smaller than for the photospheric

modes. These reasons indicate that the deeper-golng modes must be observed from

space. This conclusion will be demonstrated in the next few figures.

In Figure 3 1 have expanded the theoretical power spectrum even further in

order to demonstrate the fact that the p-mode ridges are not really a set of

$
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continuous ridges as indicated in Figure 2. Rather, the p-modes are spherical

harmonics, one for each value of £, m, and n, and the observed ridges are merely

collections of these discrete modes. To measure the rate of rotation for the

deepest modes, the individual £ values must be resolved. However, from any

observing location on the earth t'e effective horizontal wavenumber resolution is

limited by projection effects and is insufficient to spatially resolve these modes.

In particular, for the longest practical baseline on the sun of one solar radius

in extent, each horizontal wavenumber bin in the resulting power spectra will

contain six different sets of _ modes. This degeneracy is illustrated in Figure 3

where the vertical lines denote the boundaries of the individual wavenumber bins

for such a run. The complete set of p-modes which would lle in bin #4 is shown

st the right-hand side of the figure as a vertical series of sp'" _s.

Clearly, there is a problem in the resolution of the individual p-modes in

this part of the spectrum. Since the measurement of the rotationally-lnduced fre-

quency shifts is based upon the identification of matching modes in the positive-

and negatlve-frequency portions of the power spectrum, such confusion in the
i

identification of corresponding modes makes the measurement of this splitting very "

difficult. The splitting can only be measured with an observing run of sufficient

duration that the individual £ values are resolved in temporal frequency within

each wavenumber bln. Such individual mode resolution is necessary in this part

of the power spectrum because the magnitude of the induced frequency shifts will

be less than one frequency resolution bin width.

To illustrate the observational requirements necessary for resolving individual

modes, I have computed a series of synthetic power spectra for the six P5 and six '
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p6 modes locate,i between _ values of 19 and 24 in Figure 3. Figure 4 shows part

of t_,epc_-_er_pect__l slice for wavenumber bin #4 which resulted from a simulated

continuous solar viewing run consisting of 2048 measurement frames each lasting

90 seconds and bmving a total duration of 51.2 hours. For _dch a t_o-day run you

aan see that the individual _ values were resolved. On the other hand, when I

simulated a ground-based data string consisting of a 12-hour observing day followed

by a 12-hour dark night, a secopd 12-ho ....day, a second 12-hour dark night, and a

short 3.2-hour data segment (so t'm': t,e fetal length _as 51.2 hours), the spectrum

shown in Figure 5 resulted. This ground-based simulation shows clearly that the

sldelobe_ introduced into the power spectrum Ly the day-night observing cycle make

the identification and measurement of these p-modes impossible from the ground.

The situation which resulted for a more typical 8-hour observing day followed by

a 16-hour dark night is illustrated in Figure 6. This figure shows that such a

situation is even worse.

F_nally, Figure 7 is a simulation of a 51.2-hour observing run obtained from

an equatorial-orblting satellite having roughly a 67% duty cycle. Again, the

individual p-modes are visible; however, in this case the sidelobes introduced Ly

the observing window are hidden within several of the simulated solar spikes. The

presence of sidelobes within the p-mode s_Ikes will alter the frequencies that are

determined for those spikes and will alter their estimated amplitudes. Such fre-

quency errors will in principle introduce errors into the rotational-velocity

determinations. The details of how much these satellite data gaps affect the

rotation measurements are currently being investigated numerically. Certainly,

such satellite data will be a vast improvement over what is available f_om the

ground even if continuous solar viewing is not available in the near future.

163

1980009682-163



In summary, I believe I have demonstrated that measurements of solar rotation

inward to the base of the convecti;e zone will require the acquisition of several

day-long observing rune from a space-borne instrument.
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QUESTIONS AND COMMENTS

qUESTION BY: N. Sheeley, NRL

DIRECTED TO: E. Rhodes

QUESTION: Exactly what physical picture of the surface velocity
field do you associate with the observed ridge pattern
in the (K,_) plane? For example, how does your men-
tel picture differ from the one that would be obtained
from other hypothetical patterns such as concentric
circles about the point

[(1000 kin)-1, 2_/300 sec]_

_NSWER: An instantaneous velocity snapshot of the solar p-mode,
or pressure mode, osciilations in the photosphere is contained in
Rhodes, Ulrich, and S1mon (1977). This velocity picture has the
appearance of a grid of randomly-dlstributed upwelling and
downflowing cells. This pattern is the result of the superposition
of an enormous number of spherical harmonics, each having a
different horizontal cell size, The oscillatory gas velocity at
every location across the solar surface is predominantly radial
and not horizontal. That is, the term "non-radial p-mode
oscillations" refers to the horizontal pattern of upward-and
downward-flowing cells and not to the direction of the velocity
itself. Each individual p-mode wave has associated with it a
characteristic frequency and horizontal ce11 size. Some are
zonal harmonics, others arc sectorial htrmonics, and still others
are tesseral harmonics. Graphical illustrations of tesseral
harmonics are contained in Kraut (1967) and in my thesis (Rhodes,
1977). The alternating pattern of radial velocities for such a
mode is apparent in these _igures. It is the superposition of
patterns such as these which results in the instantaneous photo-
spheric velocity field.

The reasons there were ridges in the kh-_ spectra I displayed
rather than circles were the following: first, in the two-
dimensional power spectra the velocity observations had been
filtered so that information was only shown for eastward-and-
westward-propagating sectoria] harmonics. In contrast to tesseral
harmonJcb, sectorial harmonics look like orange slices or the
alternE_ting stripes on a beach ball. The width of each of these
stripes (i.e., the horizontal wavelength of the pattern) is in-

versely proportional to the horizontal wavenumber, k h. Second,
the operation of the resonant cavity which traps the p-mod_
oscillations in the sun is like an organ pipe (i.e., there is a
fundamental mode for each wavenumber and a series of higher-
frequency harmonics). The depth of the inner reflecting boundar,-

of this cavity varies with k h and _ in just such a way as to pro-
duce a diagonal ridge for t_e fundamental mode (since a deeper
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ANSWER:
(Continued)

pipe implies a lower frequency and vice _ersa). This cavity also
produces parallel ridges far the overtones. A schematic cross-
section of the resonant cavity is shown in Ulrich (1970) for
a few modes.

It is the mathematical form of the dispersion equation f_r
the p-mode waves which combines with the radial stratification of
the solar atmosphere to result in the series of ridges in the

kh-_ diagrams. Circles would not be expected because they would
not be compatible with the acoustic wave equations. On the other
hand, if the velocity data had not been averaged to reveal only

sectorial harmonics, a three-dimensional (kx,k_ ,and _) power
spectrum would have resulted. In such a spectrum the p-mode
tesseral harmonics would result in a series of concentric circles
at each single temporal "'equency, _. Thus, circles would re-
sult from a 3-dimensional analysis, bu_ not from the 2-dimensional
analysis discussed above.
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A Sunspot Periodicity and the Solar Rotation
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Abstract

A least-squares power-spectrum analysis of 122 years of Zurich

daily sunspot numbers has yielded a statistically significant

peak at 12.0715_.002 days period. This feature at 11.685 days

(sidereal) of the sunspot spectrum may be associated with the

peak at 12.22 days(sidereaJ) which Dic_e(1976) found Jn his

oblateness data, and may be attributed to the sun's core if it

rotates at either 12.0715 days or 24.1430 days period(synclic).

A more recent, but different,analysis by Shapiro has not added

further statistical support for this peak, although a moderate

unresolved peak at _is period might be consistent with the

reported findings. It is suggested f_at spacecraft observations

_ombined with correlative analysis of solar surface features

between eastern and we_terr_ hemispheres could further reveal a

basic core periodicity. Further, a Dicke type space oblateness

experiment could provide bettez photospheric observations than

a ground instrument.

*also Applied Physics Department

**now at NASA-GSFC, Code 961, Laboratory for Planetary Atmospheres,
Greenbelt, MD 20771
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T. Introduction

Considerations of a fast rotating ..;ol_rinterior began

with Newcomb(1895) when it was realizer that _n oblate sun

could influence Mercury's orbit and remove the perihelion

problem in the same way that a massive inner planet Vulcan

could. ->icke(196_) renewed these considerations and

suggest , tile solar core rotation period might be a half to

two days.

Dicke and Goldenberg(1967) observed t -oblateness of

the sun and found that durlng 1966 the solar oblateness was

4. 51+_.0.34x10-5. This oblateness was considerably larger than

the turn of the century obscrvations suggested, although

observer bias and atmospheric distortion may account for

this disagreement. _till and Stebbins(1975) observed _ solar

oblateness in agreemen_ with a core rotating with the

surface 25 day (sidereal) period, bicke(1976) points out

that the 1966 sun may not be the 1973 sun.

Kraft_s(1968) observation led Durney(1972) and

Sakurat(1£72) to show that, in its early history, the sun

rotated 65 times its present surface r;_te. Dieke(197qa) and

Sakurat(1975) revlew the subsequent _istory of the solar

rotation. It was noted by Sehatten(1977) that solar core

contraction could le_d to a more rapid solar rotation than

one would o_herwtse calculate. A slow solar rot-_tion was

also posatble_ depending upon past sol_.r history.

Wolff(1976), bas_.d upon alignments of numerous periodicities

In the sunspot power spectrum, found a 25.8 d_y "basic"

rotation period for the entire soiar mass. Other authors

have also found dif?erent basic periodicites from solar

activity parameters but usually dld not associate these

rotation fate's wlth _ fundamental core period.
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Leighton's (19,59) dynamo model of the solar activity

cycle allowed a variety of internal rotation boundary

conditions. To agree w_:tn the observed activity cycle,

Leighton stated "it seems likely that the actual solar cycle

is governed prineipally by the interation uf a radial

gradient of anBu!ar veloei'_:, ":ith the radial field." He also

iound tile best fit with "the interior rotating faster than

tlle exterior."

A value for his rotation parameter corresponding to a ..

velocity differential of 4 radians per year at the equator

near the base of the convection zone seems to fit Spoerer's
L

law best. If too fast an interior rotation is assumed ,

corresponding to Dicke's(1964) model, a problem of "sheets"

of oppositely directed field arises.

Diel:e furthered our understanding of the solar rotation

by delving into a subject usually treated expeditiously. He

analyzed his "noise". Based upon "enigmatic' fluctuations

in the diagonal component of the solar oblateness

observations of 1966 (Pieke and Goldenberg,'1974),

Dieke(1976) interpreted those signals as an ellipsoidal

distortion tilted about 45 degrees from the solar rotation

axis rotating rigidly with a period of 12.22 +_ 0.12 days

(sidereal). The interpretation required a complicated

coordinate analysis as the observing instrument measured the

solar diagonal eompone_.L relative to the earth's north

celestial pole. The diagonal component is basically the

amount of light near 45 o in the NE-SW quadrants of the sun

above a certain radius minus that in the NW-SE quadrants.

The original fluctuating signal was a complex structure

eonLatnin8 a 25.67 day enigmatic periodicity diagonal

component fluctuation, in a time T/2 later it will be on the

NW limb and it should introduce a negative dis'tortion.

177 ,
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Because this did not _ppear to be the case(Dicke,1974b) the

fluctuations were enigmaLic. Dicke(1976) reasoned that, as

the !,ositlon eng]_e, P, of the sun changed from about-24o to

+24o .during t.,e course of the experiment, often P was

appreciably r,on-zero. Thus the sun was tilted with respect

to the earth's axis and his instrument. Therefore, when P

was 15o on August 13, for example, a blip appearing in the

NE limb viewed _t 45o would be near an angle of 30o from the

apparent polar axis. When it rotated re the NW quadrant it

wot,_d appear neer 15o from celestial north, thus it would

not be as l_rge 15 degrees from celestial r,_,rth, thus it

would not be as large negative peak in t_le diagonal

component distortion at T/2. By analyzing a supposed 10 km

high ellipsoid_l distortion on the sun with a tilted axis

ne_Jr 45 ° , Dicke was able to explain r}early all of the

fluctuations in the oblateness signal in terms of the

viewing of his instrument. The solar ellipsoid rotated with

a period near 12.22 days about the mean axis of the sun's

surface rotation. Other periods would g.ve rise to different

fluctuations when coupled with the changing viewing platform

of t!_e earth.

In particular, Dicke(1976) performed an analysis around

P:O, when only odd harmonics in the diagonal component

s_o,Jld appear (due to the appearance of a negative signal

from the opposing limb), and only odd harmonics did appear

for a core period of 12.22 days, but when the period was

, doubled only the second harmonic appeared. This adds support

for his interpretation.

We have looked to see if there is any evidence in a

power spectrum of the sunspot record for a feature near this

period.

G
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II. Spectrum Analysis

He have analyzed the run of Zurich daily s_.=spot numbers (see Haiti-

meier t961) extending from January 7, 1849 to flovember 28, 1970 by a

least-squares procedure. Me minimize

2

_21T
V3 = n - a - b cos(-p- n) - c sin( n (2.1)

Mhere Xn t:_ the sunspot number and n counts days _,rom ! to 44520, vary-

ing ao b and c for a range of values of the period P. Then S = bZ+c z

provides an estimate of the sp?ctral pouer at period P. The slims re-

quired to calculate tl_e least-square Tits Nere generated using a 131072

element FFT. Figure 1 displays the estilt,ated spectral po,er as a func-

tion of period for periods greater than 4 days. The large number .of

spectral estimates (32768) precludes plotting all the individual po';nts

=o the spectrum has been grouped into 64 {requency intervals each con-

taining 512 spectra] estimate_. The median, 70the 90th and 99th percen-

tiles for each of the 64 bins are displayed in Figure I. The sun symbol

tn Figure I shous the peak at 12.0715 days. There is obviously a great

deal of power in the very lut= frequency portion (associated uith the

eleven year bolar cyc'_ and in the range of the fami]iar surface rota-

tion periods.

It is appropr£" _e to ask the question of significance

beeauae there is aiwvy-; one largest peak, even when one

analyzes random CJta. Hany ._utbors have found a numk" of

significant peaks in the sunspot _pectrurn (see Wolff,

1976;Xanthakis,1967 for furth,_r discussion), houever, nearly

all have only analy_.ed the spectrum using monthly .averaged
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-> 3unspot number to discover longer periodicities. Ward and

Shapiro (1962) performed a reasonably complete picture of

the spectrum, but their analysis with daily data only

covered the years 1920 - 1924 acid thus their spectral

resolution precluded the finding o£ a high but narrow peak

of the type uncovered in tile present analysis. Nevertheless,

their figurc 4 does reveal a slight peak near 12 days. One

commonmethod used to assess the significance of a least-squares fit is

the F test (_ee for example Rao 1973). IJe form the statistic

N-3 V1-V3

F2,N-3 - 2 V3 (2.2)

uhere V3 is defined by (2. I) and Vl is the sum of the squared deviations

from the mean. Me expect this statistic to be distributed approximately

as Fz,_s17 if the following assumptions are reasonably well satisfied:

the residuals, t,s_d to form the sums V_ and V3, (-_) are distributed nor-

mally with mean zero and the same variance, and (b) are uncorre|ated day

to day.

IIowever, one can see that the sunspot numbers are hi qhly correlatnd

from day to day by simple inspecti_.n of the data (see Haldmeier 1961).

Furthermore, the daily sunspot numbers are very "skewed" compared to a

san,pie selected from a normal population Nith the same mean. It is true

tha_ th_ F test is "robust" (i=e. it is fairly in=ensitive to the as-

sumptions of noi.,lality being exactly satisfied) hut the sunspot number

data are far from nurmally distributed and _e _herefore cannot expect

the F statistic constructed usinq tl:_. least-square fits to the rm_ sun-
o

spot data to be distributed as Fz,_s17.
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We ©_q see that the F statistic, constructed froJa the least-square

spectral estimates is not distributed as Fz,_17 fro_ the F statistics

for the high-frequency (short-period) portion of the leas'_-square spect-

rum. For the 2,;538 highest-fre._ency least-square estim_tes (periods

from 4 to about 16 days), none exceeds the lY. significance level. We

have in fact oversampled in frequency by a factor of about 3 to assure

that no strong features are neglected, so _hat there are only about 8000

independent spectral estimatc_ in this rar.ge of periods. The pro_ .'-

try that none of 8000 independent F statistics would exce,_d the lY. level

is (.99) _°°° = 10 "_-s. Clearly, the usual F test does not provide an

adequate ester, ate of the significance of a particular spectral feature.

Whether or not the original data are norP-_lly distributed, the

least-squat, estimates of b and c of equation (2.1) ar_ e_fectively sums

of t large number of products of individual data and .,;ines or cosines

_;r which the expectation va|ues are zero_ so that the_, r;y be expected

to be distribu_.ed normally aith raean z_ro if there are no periodic "sig-

nals" in the data at the frequency in question. We therefore expect the

spectral estimates to be distributed as o_x z Mith t_e degrees of freedom

(ez_), _here ez is the variance (assumed equal) of b anJ c. The ex-

pected value of the ez._z statistic is _ez. There is no si=nple way to

estimate what value to expect for e; indeed, inspection of F_gure 1 in-

dioates it depends strongly on frequency.

Ne are pr_e, artly interested _;. periods near Picke's .=-_gested (sy-

nodic) rotation period of 12.64 _ays. I_e expuct tl_at the large broad

peak near 27 days is eai and due _o the ©ombination of a =_on-unifor_a

181 ,
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distribution of sunspots oil the surface of the sun wild the differential

rotatio== of the surface. _le therefo= e _i i I restrict our attention to

the 24538 highest frequencies (periods from 4 to ab_ ;t 1E days). The

obvious trend in this port_on of the spectru,n was removed by fittirg a

quadratic in log(f) to the log of the estimated spectral power averaged

over 10 bins approximately equally spaced in log(f). Having placed the

high frequency spectral estil'lates on approxi_;=a_e:y tile sa=,_e foc_inrj, uc'

• are in a position ) estimate £mpirical.I__ the variancf, needed to specify

the probability density.

The cumulative density function for a statistic (in tl ,. case the ad-

justed spectral estimates, S) distributed as (_zxz is

S

r ,;,C --- P(S'<3) 1 -S' - '- 2 e dS' = I- (2.'4)
2o .]

0

We can estimate oz by comparing tt_e theoretical cumulative distriLutio_

with an er_piricai cumulative distribution constructed from the adjusted

spectral estimates. The spectral estimates are sorted and each of the

estimates is assigne(I a v_lue of C accordi_;_j to

e = (i-.5)/24538 (?.4)
i

where ;=1 tin- tim smalles{ adjusted spectral estimate and =245"_8 for

the lar._est.

We have used three different methods to estimate o t from the sorted

_,.Ijus_ed spectral estimates First we fit the empirical cumul,,tlve dis-

)82
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tribution by varying 1/2o z to minimize

24538 2

i_ 1= [____ Si + ln(l_Ci)] (2 5)

and obtain oz = .5025. Since Me expect -_ Si/]n(l-Ci) to be approxi-

matel _.qual to az, Me can average this qual_tity and the reciprocal of

it to obtai,i the second and third estimates, ghich are oz -- .4981 _4nd

oz = .4996 respectively. Combining these estimates for oz uith the ad-

justed po_ler at 12.0715 days ($--13.46), _e esti_nate (=j po:,t-rior_) the

probability that this lar,ue a peak gould occur b), ch_,nce to be

1.53 x 10-5o 1.35 x 10-6 or 1.41 x 10-s respectively.

As ue have indicated, Me expect C -- (l-e ,5 /z°t). A plot of In(1-_)

versus the sorted adjusted spectral estimates therefore should be nearly

a straigl,t line. ]n Figure 2 the theoretical relation between (1-C) and

S for oz = .5 is the broken line and the actual adjusted spectral esti-

w,ates :,re indicated by the solid curve. The points correspondin,_ to the

five large3t adjusted spectral estimates are indicatud by the numbers 1

through 5. As expected, the empirical and theoretical curves are quite

close except for the tgo largest adjusted spectral estimatas Jfilich are

associated aith the peak at 12.0715 days. The deviation of tile empiri-

cal curve from the theoretical line for (l-c) betiJeon -I0 "z and -IO "_ is

primarily due to an exces_ of large adjusted spectral estir4ates associ-
F

ated Mith harmonics of the broad peak near 27 days period.

m

l_econclude Irom the above unalysis _hat the adjusted spectral ,_-sti-

mates may reasonably be ,:_ssumedto be di.';tributed,ns oz_cz with o -" .5
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and that the (_ _osteriori) probability that the peak at 12.0715 is due

to chance is -1.4 x 10 -_. Iloaever, we must take account of the fact

that the period 12.0715 uas not chosen _ _rior.i, _ut inferred from the

data.

0Joke (1976) interpreted tile results of his analysis as evidonce for

some solar rotation with a period of 12.64±.12 days (synodic). 0icke's

quoted error estimates for the period are calculated from a maxi=_um

likelihood treatment of the residuals in the Princeton oblateness data

after an estimate of static oblateness is removed (0icke 1976). Fie pre-

fer to adopt a someuhat more conservative error estimate. The time in-

terval analyzed gith the Princeton oblateness data is 97 days (Oicke

1974, 1976)_ _e Nil] t_ke the uncertainty in any frequency estimate to

be ±1/2T (Bender and Piersol 1971). This gives an expected error in

frequency of ±5.15 x t0 -_ d-I or a ran9_ in period of 11.87 to 13.52

days.

g_ ,,ay nag estimate the probability that a peak with the significance

of the 12.0715 day peak would occur by chance in the interval

11 17-13.52 days. This range in period contains 1,352 spectral esti-

mates s- that we estimate the probability of the 12.0715 day peak occur-

ring u_thin this range by chance as (1.352 x 10_) x (1,4 x 10 "s) or

-2 x 16-_o As we have a_ready indicated, only -1/3 of th_ sFectral es-

_imatos are independent, so that calculating the probability estimate as

though all 1352 spectral estimates were independent prc'luces a conserva-

tive _rob_bilit_ estimate.
i
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The adjusted spectral estimates in the range 11.87-13.52 days are

displayed in Figure 3 with confidenod levels corresponding to the proba-

bility that none of the 1352 adjusted spectral estimates would exceed

the indicated values.

As a check on the forzgoin3 analysis, we differenced the sunspot data

a_d analyzed the differenced (Iota in the same manner as the undiffer-

_nced data. The analysis of the adjusted spectral estimates produced

similar results in all fierce methods of estimatin_ uz and the

probability estimates. Since 1he differenced data appears nearly uncor-

related day to day and most of the power at loM frequencies is removed,

No performed an F test on the least-square fit to the tlifferenced data

at 12.0715 days, and obtained a (chance) probabilty estimate of 6 x 10 -_

(about a factor of 2 lo_er than that from the analysis of the cumulative

distribution of the adjusted spectral estimates).

Ne have also split the data into halves and separately ana;yzed the

first and second half of both the rau and differenced data. The analy-

sis of the pdjusted spectral estimates gives nearly the same results for

all three methods of estimating e2 for both raw and differenced data for

the entire data run and each half considered separately. The products

of the (chance) probability estimates for the peak at 12.0715 days for

each half considered separately are apprnximate!y equal to, but slightly

sma_,ler than, the probability estimates for the entire data run for both

rag and differenced data.

Shaniro 'private com,nunication, 1979) has examined the sun-

spot record from 1884 to 1970 using the Blackman-Tukey approach

to search for this peak. A peak near our period was found when
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5000, 10000, and 20000 power spectral _stimates were examined.

•.he peak, although apparent, was within the range of the samp-

ling fluctuations judging from the apnearance of larger peaks

at other frequencies. The Blackman-Tuke7 approach allows a

measure of significance to be ascertained; the peak was not

auite significant at the 5 % level. Thi_ could be due to one or

more of the following: (i) the differing sunspot data employed,

[2) the differing number and periods of the snectral estimates

used to resolve our supposed high narrow peak, or (3) the dif-

fering methods between FFT and Blackman-Tuke7 approaches.

In addition to the highly statistically significant 12

day peak in the power spectral curve itself, this period

becomes apparent in the su_Ispot record by the appearance of

beats with several peaks near 27 days as well as resonances

with the 11 year _nd the 22 year solar activity cycle.

Table I shows periods in the raw sunspot power spectrum

that relate to the 12.0715 day period. The power is the

square of the amplitude. Beats with the three 27 day peaks

shown result when a difference in the angular velocities of

the 12 and 27 day rotations is assumed, suggestive of an

internal rotation period being responsible for the 12 d

peak. Harmonics of the 11 year and 22 year peak occur near

12 days at both plus and minus these frequencies due to

these signals representin_ a modulation of the 12 d period.

Several |I rmonlcs and subharmonics are shown. None appear

of great siznificance. The appearance of subharmonics is

explicable by assuminz the 12 d peak results from an

increase in sunspot number (by about _I) due to the added

presence of one detectable spot a fraction of the time each

12 day rotation. The siKnificance of any peak may be

estimated by comparison with Figure 1, takinK the amplitude

squared. None of these peaks, by itself, is of any great

significance, nevertheless, it is a useful cheek to see
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their presence in the spectrum. In P.ddttton, the 12.0715

day peak shows up as signtf| _ant, in beth halves, when the

data is subdivided in two.

111. Discussion

The peak at 12.0715 days, uith approximately equal adjusted spe_tral

estimates in the first and second halves of the data, is suggestive _f

the inf uence of a stable, long-lived periodic process, such as the ro-

tation of the sun's core. Houever, the data :ould be reconciled uith a

synodic rotation period of the core uhtoh is a multiple of the 12-day

period. In particular a core rotatt0_ uith a 24 day synodic period

could cause an apparent 12-day periodicity if the disturbance produced

by the core has not only a possible m = 1 component but also an m = 2

component, where m is the azimuthal mode number. On the other hand, to

attribute a period of 36 days or more to the core seems unreasonable,

since the convective zone would then be subject to decelerating torques

from both the core and the solar uind.

He have also split the data tnto even and odd sct|vitv cycles, and

find that the adjusted spectra| pouer estimate at 12.0715 days is -7

times as large for odd cycles as for even cycles. This suggests that,

if the peak at 12.0715 days is due to core rotat:on, the coupling uith

surface phenomena is probably magnetic. Unless the relic magnettc field

is confined to one compact "act|re region", the ooupl|ng between the

core and convective zone must then have a strong m = 2 component.* Fol-

*indeed the prese_ce of s peak in the spectrum at about 13.5 days indi-
cates that even the convective zone has some kind of m = 2 structure.
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lowing this line of =rg,_ent, the sunspot date alone seem to favor the

interpretation of the 12-day peak. as being produced by a core rotating

Mith a synodic period of 24.14 days coupl4ng magnetically to the convec-

tive zone. Xe realTze, ho,ever, that if Otoke_s (1976) interpretation

of the Princeto, oblateness data is correct, the 12-day periodicity of

the sunspot data i_ to be interprete.d in terms of a _2-day core rota-

tion.

Amon9 the persuasive arguments _hich Otcke (t976) advances in favor

of hi5 interpretation, ue are parti©ular_y impressed u_th the following:

• , ' T

Only odd harmonics of the rotation period should appear in the diagonal

component of the Princeton "oblateness" data uhen the projections on

the plane on the plane of the sky of the rotation axes of the sun and of

th_ earth are aligned, for an interval of time satisfying this condi-

tion, Oicke finds that his data yield only odd harmonics for an assumed

rotation period of 12.22 days (sidereal) b_wt not for assu_ed periods

near 24 days.

Super[icially, our findings seem to disagree with OtckeSs: Oicke

(1976) proposes _hat there are txo distortions per rotction, Mhich one

m_ght expect to correspond to a peak in the sunspot spectrum at about 6

days rather than 12 days. IIowever, Oicke°s data ere obtained by summing

signals from diametrically opposed pairs of utndoMss hence _hat may _n

reality be a single localized distortion Mould in any event appear, fros_

the Princeton d_ta, as a diametrically opposed pair of distortions.

D_cke (1978) has kindly informed us that when the 1_.0715 day period
e

is used as a constraint to fit the Princeton data, ¢nt -egrcssion coal,,
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ficients vicld a fit wit.h a sig.4ificance of approximately 3 O" .

We feel this indicates that, for t%e purpose of

as,_os_.in9 the significance of the 12.0715 day peak, our use of -_1/2T as

an estimate of the frequency unc_rtainty is ,eL unreasonable.

To summarize, we find a prominent peak in the sunspot power spectrum

uith a period of 12.0715 days uhich is coast-tent with Oicke's (1976)

12.64 day period if the uncertainty in the period inferred from the

Princeton data is -±0.8 days. The probability that a peak of this spec-

tral poMer Mould occur within these limits by chance is estimated to be

=2 x 10-3 The possible real difference between Dicke's

period and our period suggests a phase drift over short periods

of time. Varying phase is a common feature of solar activity,

with solar cycles behaving in a periodic manner, but with "short"

and "long" cycles present. This may hinder certain analyses from

locating this periodicity.

One of us (KHS) has benefitted from discussio_ on this topic

with _H. Dicke and R. Shapiro. This work was supported in part

by the National Aeronautics and Space Administration under grant

NGL 050-020-272 and Air Force Grant FI9628-77-R-0310.
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TABLE 1

,J

Period (days) Amplitude Resonance with Comparison Comparison

12.0715 days Peak Peak

Amplltude

12.0715 _.977

26. 9529 I.86 21.8639 21.8818 I .05

27. 0530 2.29 21.7982 21 •7583 I.09

27.2442 I.57 21.6756 21.6720 I •14

11 years 4. I 12. 1079 12. 1033 0.,_II,

1! years 4.1 12.0353 , 12.0349 0,30

22 years 7.2 12.0897 12.0904 0.64

22 years 7.2 12.0534 12.0548 0.43
m

Harmonics and Subharmonics

....... , ,, _ u

With 12.0715 Days Amplitude Actual Location

6.0357 O, 168 6.0349

4.0238 O. 173 4.0236

24.14_ 0.871 24. 143

36.215 0.391 36.208

48.286 0.768 48.313

i

°,
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PERIO0(clays)
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FREQUENCY(OAY"t)

Figure I. Least-squares pouer spectrum generaLod as explained in the
text. The media,, 70th, 9rJth and 99th percuntile estimated spectral
pm_ers are plotted for each of G4 equally, spaced frequency bins. The
sun symbol corresponds to the peak at 12.0715 days.
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ADJUSTEDPOWER

Figure 2. The quantity (I-C), the probability that a _pectral estimat_
utll exceed S, as a function of r,djusted i)ot_er, S. The solid curve cor-
responds to the empiri,.ally determined cumulative distribution, the bro-
ken line to the cum'Jiative distt-ibution for a variate c!istributed as
._;Xs uith rue dogree_ of freedom. The right vertical axis is labeled by 4

the rank of the corr'esponding adjusted spectral estimate. The numbers I
through 5 Indicate the five largest adjusted spectral estimates.
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Irtgure 3. Adjusted spec_,al poMer versus frequency for the frequency in-
terval "/.911 x 10"z 4 5.15 x 10"3 day-I, This frequency interval cor-
responds to s range in period of 11.87 - 13.52 days and contains 1352
adjusted spectral es_im_.tes. The confidence levels correspPnd to the
probability that none of 1352 spectral estimates dist.'ibuted as .5x z
M(th tuo degrees of freedom Mould exceed f.he Indic_.ed spectral poMer.
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PROBLEMS OF LARGE SCALE SOLAR MAGNETIC FIELDS,
THE CORONA, AND THE HELIOSPHERE _S RELATED

TO THE SOLAR CYCLE A_D THE ROLE OF SCADM

A. J. Hundhausen, High Altitude Observatory
National Center for Atmospheric Research

Boulder, Colorado 8C30'_

(No paper submitted)
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QUESTIONS AND COMI_ENTS

CO_fl_ENTBY: D. L. Clackin, JPL

DIRECTED TO- A. Hundhausen

I would like to t_tress the desirability of flying SCADM at
the same time as polar passage of the Solar Polar spacecraft.
A white light coronagraph should be flown, to complement Bob
MacQueen's coronagraph on the NASA Solar Polar spacecraft. This
would allow the three-d_.menslonal reconstruction of the corona
and a determination of the rate of divergence of field lines in
polar holes, which is reiated to the acceleration of the solar
wind.

COMMENTBY: J. V. Lincoln, [_irector, it_C-A for Solar Terrestrial
Physics

DIRECTED TO: A. Hundhausen

You mentioned the use of Ha solar maps for long-term syn-
optic studies, i wo,ild like to point out that Report UAG-70 by
Pat McIntosh pre_en_s such Ha maps for solar cycle 20. These
maps can be used for study with other phenomena such as the K-
corona synoptic maps. The Report can be obtained from the World
Data Center-A for Solar Terrestrial Physics.

COMMENT BY" K. Schatten, Astronomy Department, Boston
Un_.versity

DIRECTED TO A, Hundhausen

I wonder why you stress on]y solar wind _treams, and whether
their field polarity is positive or negative, if you are trying
to understand problems such as cosn_ic ray modulation. The IMV
(with all its structure - kinks, loops, filaments, etc.) inter-
acts with cosmic rays directly, aot hlgh speed streams. So
think in examining such problems tl---_ereal IMF (as observed by
interplanetary spacecraft) should be studied and n_o_tjust sector
patterns.
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COMMENT BY: A. SkumaD1ch, HAd

DIRECTED TO" A. H:lndhausen

The question of the long-time evolution and presence of

a solar wind and dynamo can also be addressed on a much longer

time scale thgn that given by C 14 records. I refer to the

stellar parameter of age. Comparisons of normal main sequence

G stars of different stellar ages with the sun show a systematic

chromospheric and rotational decay with age. As has been dis-

cussed in the kiterature, this suggests a well defined but
secularly changing average wind and dynamo for normal G-dwarfs.

' 19_

1980009682-196



STEREOSCOPIC VIEWS OF THE X-RAY CORONA

Allen S. Krieger, American Science and Engineering, Inc.
955 Massachusetts Avenue

Cambridge, Massachusetts 02139

Abstract

The Solar Cycle and Dynamics Mission (SCADE) presents a
unique opportunity to increase our understanding of physical
processes in the extended solar atmosphere, particularly with
regard to the large-scale, three-dimensional structure of the
solar corona, the influence of coronal structure on the forma-
tion of the solar wind, and the relationship of coronal struc-
ture,to underlying solar phenc_ena. The uniqueness of this
opportunity is provided by the simultaneous availability of
coronal observations at high solar latitudes from the Solar
Polar Mission (SPM). The combination of coronal observations
fr_ SCADM and SPM enhances the value of the data in many ways
relative to that which could be obtained by either spacecraft
alone.

The mathematical developments discussed in this
paper' were presented at the Optical Society of
America's Topical Meeting on Image Processing for
2-D and 3-D Reconstruction from Projections:
Theory and Practice in Medicine and the Physical
Sciences, August 4-7, 1975, at Stanford, CA.

PRECrZ_INC F:\GE BLANK NOT FILMP"
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SPATIAL EVOLUTION OF MAGNETIC FIELDS AS SEEN IN CORONAL

STREAMERS TO 12 RO DURING THE SOLAR CYCLE

By

C. F. Keller and Wo Matuska
Los Alamos Scientific Laboratory

University of California
Los Alamos, Ne:; Mexico 87545

ABSTRACT

Outer coronal photographs have been made from high
altitude aircraft at the solar eclipses of 1966, _70,

'73 and '79. These sample various times in the'72,

solar cycle. Image processing techniques allow us to
display on a single photo coronal streamers extending

from the solar limb to 12 R® (and possibly to 20 R@ for
the 1979 eclipse). Thus for the first time one can
study the evolution of streamers as they distort
magnetic field lines to large distances from the sun.
We will show that this distortion is varied and often

unexpected. Polar plumbs can be traced beyond 8 R
diverging apparently along dipole field lines. Th_s
div._gence varies along the solar cycle. Nonpolar
Streamers show various changes, the most common of which
is their tendency to become radial beyond 3-5 R as if
controlled by the solar wind. We propose that _uch
photographs can be used to guide theoreti al studies of
streamer evolution far from the sun.

I. INTPOEUCTION

T_ Field Testing (J) Division of the Los Alamos Scientific
Lab, :atory has flown an instrumented NC-135 jet aircraft to
o_serve six total solar eclipses. One of the experiments on
these missions was photographic polarimetry of the corona to 12
R . The method used is similar to that used by coronographs on
ire ATM and SMM satellites. This experiment has been very
Successful and we have a wealth of well calibrated data from 5 of
the,_ eclipses (poor data from the first attempt in 1965).
Figure 1 shows the dates of these eclipses plotted on a graph of
sunsbot number versus time for cycles 20 and 21.

Although the photographs (apprnximately 30 per eclipse) were
not made to be picture quality, we have been able through
computer, image enhancement techniques to produce remarkable
portraits of the corona from 1.2 to 12 R_ for 4 of the 5
eclipses. The 5th (1966) will be done s_ortly.
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II. THE DATA

Figures 2-5 are prints of the computer generated negatives
for these four eclipses as indicated. Note the following points:

• All photos from same specially-designed Los Alamos
camera--f/6, f = 600 mm--with 70 mm roll film.

I
• These negatives are then image-processed by computer.

• Heliocentric north is given approximately on the figures.

. Excepting for the 1973 picture--these figures represent a
first attempt at processing and can be improved.

• The 1970 picture was made from a partial set (12 of 36) of
exposures and is of lesser quality.

III. DISCUSSION

We feel these are important contributions to the study of the
corona-solar wind interface (we take this to be in the :egion
approximately 2-12 R_) since they apparently map the spatial
evolution of magneti_ field lines as the electron corona expands
Outward.

The study of these pictures has just begun and so no detailed
conclusions can be drawn from them yet. However several broad
observations and generalizations can be m_de and several more
can be put forward as requiring more such data to confirm them.

I) These photographs are detailed enough to allow close
comparison w_th ATM photos and with ground based photos through
radially graded filters.

2) There are unexpected changes in streamers as they evolve

spatially from 3 Ro to beyond 6 Ro.

3) There are definite differences in the number, nature and
distribution of streamers as a function of solar cycle activity.

4) Polar plumes photographed with ground based high
resolution cameras can be traced as streamers out to 8 R_ and

beyond. These streamers seem to serve as indicators of _he%_olar
dipole magnetic field. Comparison of this set of 4 eclipses, 2
near maximum and 2 on the declining side of cycle 20, shows that
the dipole field apparently varies with solar activity.
Inspection of the 1966 (rising side of cycle 20) unprocessed
megatives shows that the polar divergence is similar to those of
1972 and 1973. Thus polar streamers near solar maximum are
strong and bend in an apparent dipole field, but do not diverge
rapidly, while those on _.,th rising and declining branches of
activity are weak and diverge rapidly.
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These observations seeL to support the general model of 9
coronal variation with solar cycle described by Hundhausen."

5) Nonpolar streamers appear capable of being grouped into a

small number cf k]nd_, however, their spatial evolution appears
also to be a function of their local environments, i.e.,

nelghbo[ing streamers seem to interact. Also, while many

streamers appear similar, there are striking examples of unique
ones most notably the double y streamer seen in the southwest

quadrant on the 1973 picture.

6) Many streamers seem to diverge at large distances from

the sun. The 3-dimensional nature of the divergence needs to be
investigated.

7) Nonpolar, non-radial streamers become more and more

radial at la_gc distances from the sun. This is most striking on
the west limb of the 1979 eclipse. This effect, as well as the

straightening of polar streamers, seems to be an indication of
solar wi_d influences.

This discussion has omitted transients which were present

above the west limb in 1973 (4--10R®) and 1979 (i to 4 R ). It

also omits discussion of streamers beyond 12 Re . In 19_9 the
camera was offset in an attempt to record the equatorial region

to 20 Re . These pictures have not yet been processed, nor have
most from 1970 and all frum 1966. Thus we are discussing an

incomplete set. Still, these observations seem enough and

convince us that an effort to record the corona beyond 6 R_ at
regular intervals during a solar cycle combined with compuSer

image enhancement could greatly increase our understanding of the

interaction of large scale magnetic fields and the solar wind.
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18,0-17959
THE DEPENDENCE OF CORONAL HOLE SIZE ON

LARGE SCALE MAGNFTIC F!ELD STRENGTII

Steven T. Suess

Space Environment Laboratory
NOAA/ERL

Bo,Jlder, Coloradc 80303

Richard S. Steinolfson

P. O. Box ]247

University of Alabama
Huntsville, Alabama 35807

INTRODUCTION

A comprehensive mode] of coronal structure s a necessary requirement

fo," studies of coronal energetics, of global Flows of the solar wind, and

for reliable so_r-terrestrial predictions. An ideal model might depend

on the fewest possible observable parameters, but include all possible

empirical relations of hew the physical processes in the corona depend on

the observables. The simplest conceivable model of this type would use only

measurements of the photospheric magnetic Field _J, the boundary conditien

because it is this Field which apparently permits and modulates e×tended

energy deposition in the corcna (Suess, 1979). There is little evidence

for significant variations in temperature and density at the chromosphere

either between coronal holes or over a _,lar cycle, so these boundary conditions

might initially be taken as invariant. However, any such model is presently

nothing more than an academic exercis3, and will remain so until a mission like

SCADMpresents th? theoret;cian with an empirical descriptiol of chromospheric

UV/EUV emissioh---with resulting derivable mass and energy Fluxes between the

photosphere and the coron3, together with coronal structure, and the tempera-

ture end density throughout the corora as observed and related to the photo-

spheric magnetic field over an entire solar cycle.

W_ will describe here one coronal model wn;ch is a logical extension of

earlier models to allow a closer relationship to the photospheric magnetic

field as it is observed daily, and then briefly outline how our calculation
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can be furt_.er imp,'oved in anticipation of our just-stated requiremwnt for

eventual interpretation in terms of empiric_: coronal-photospheric relation-

ships over a solar cyc!e.

PREVIOUS COROKALHODELS

To model coronal structure fro(n the photosphere to a few solar radii is

necessarily a global problem because there will be both magnetically closed

and oper regions involving magnetostatic and magnetodynamic equilibria, and

there wil! be some sort of a neutral surface divid!ng the closed and open

regions. One example of such an HHD model is that of Pneumn and Kopp (1971_

They calculated fieldline geometry for one specific case, with the results

shown i,1 Figure I. Their approach to coronal MilD flow was to:

l. Assume isothermal flow with a constant'temperature and density
on the surface of the sun.

2. Assume a known _eometry for the cusp.

3. begin with a specified current dis_ribution and iterate on that
distribution until a pressure equiliEriumwas attained.

4. Assume axisymmetry, no roroLion, no momentum additic_, and north-
south symmetry.

5. Limit the analysis to between ! and 5 solar radii.

They also treated only the case _ a purely recto, dipole at the surface of

the sun, _nd examined on!y one field strength. It is important to note that

this calculation was depen6ent on knowledge of the nature of the cusp and,

although pioneering, was extremely limited in its ability to explore parameter

space.

In a different calculation Endler (1971) used the same boundary conditions

and assumptions, other than that about the cusp, in an initial value/tima

relaxation calculation. He found the same end state as Pneunmn and Kopp,

proving the accuracy of their assumption. Endler's approach is inherently

more powerful because it does not require pr!or knowledge of the character of

the cusp and could easily be used to relax geometrical symmetry assumptions.
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We note that Eadler used an explicit time differencing scheme which would

have to be modified to ue partially or totally implicit in order to include

the effects oc thermal diffusion, although an exT_icit scheme can be used to

examine the effects of momentum addition and, for astrophysical problems,

rotation. Endler's work has recently been reproduced and his results

verified by Weber (1978).

The flexibility of the time rela×_tion approach allows analyses like

those of Endler and Weber, with some modification, to be used to study the

variation of coronal hole size under varying boundary conditions, in partic-

ular, the variation of the oolar coronal hole over portions of the solar

cycle can be studied unde_ the assumption of axisymmetry. This we have done

in a model described in the next section.

THE PRESENT CORONALMODEL

The MHD global coronal model we have used to study the evolution of coronal

structure is, it, many ways, similar to Endler_s (1971). We have developed a

numerical solution to the MHD equations of motion under several simplifying

assumptions in the distance range of I to 5 solar radii. Our assumptlon_

8re:

I. Axisymmetric flow with no rotation, resulting in two-dimensionaI

flow in a meridional plane.

2. Zero viscosity and infinite electrlcal conductivity.

3. Polytropic, single fluid fl_v.

_. No momentum addition.

Wlth these assumptions, the azimuthai velocity end magnetic field are zero,

and the dependent variables are the radial and meridional velocity and magnetic

field, the pressure and the number densit'/--_ll functions only of radius and

polar angle. This reduces the full set of MHD equations to a set of six equa-

tions, and these are shown and discussed by Steinolfson et al. (1978).

Except for the generalization from isothermal flow to po1ytroplc flow,

these assumptions are identical to EndlerJs. Nevertheless, we would like to
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remark on two points. First, Suess et a1.(1972) employed a polytropic fluid

to simulate a specific polar coronal hole. Because they were able to closely

reproduce the observed density t!_roughout the entire cnronal hole, the re-

sults of the analysis becace equivalent to substituting the observed density

distribution for the polytrope assumption. They found chat a polytropic

index, y, of 1.O5 gave this convenient result. The implication is that for

the coronal hole studied, the chosen polytropic index and no momentum addition

gave a satisfactory description of the actual extended energy deposition. The

implication for the work described here is that a polytropic index of 1.05

might give a reasonable, although crude approximation to actual extended energy

de&_sition in the limited range of I to 5 solar radii. The second point con-

cerns the assumption of infinite electrical conductivity. This pr: _s to be

no limitation under the initial conditions described below in the examples

we treat. However, if we were to attempt to simulate relaxation from an open

to a closed coronal field configuration, the assumption of infinite electrical

conductivity woula have to be a1_ered.

The nun_rlcal approach we have used to solving our set of six equations

is also described by Steino_fson et al. (1978). We treat the problem by taking

an initial configuration and allowing it to relax, in time, to a steady, stable

configuration of closed and open field regions. In using this approach, the

cusp geomatry is automatically dete,'mined. Furthermore, if we were to gener-

alize to more complex geometries, the calculation could locate the cusp

any_vhere in the computational grid. The equations are reduced to a finite

difference form using a modified Lax-Wendroff differencing grid employing

explicit time differencing. Because high spatial resolution is required

close to, but not far from the sun, we also convert the radius coordinate, r,

to X- l/r. The grid intervals, AX and _0 are held fixed at O.OIR "l and O.O!o

radians respective]y so that the grid spacing in radius becomes Ia_'ger further

from the sun The time step, At, is limited such that

1
Ax-Z

C= JC2+ 2
s CA

i
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and Cs and CA - the sound and Alfven speeds respectively in order to insure

numerical stability.

Using this numerical approach, coronal geometries were computed for

two photospheric field strenghts. As boundary conditions, both cases used

a temperature and density on the surface of the sun of

T = 1.8 x 106 °K
O

N = 2.248 x 108 cm-3
O

and a polytropic index of 1.05. The field geometry at the surface of the

sun was specified to be a vector dipole, but with different field strengths.

The initial state was, simply, a spherically symmetric solar wind derived

from the above-stated boundary conditions on density and temperature, upon

which was superimposed, at time zero, a Jipole potential field of the pre-

scribed strength at the surface of the sun. This dipole configuration is il-

lustrated in the top panel of Figure 2. These initial states were then

allowed to relax to an apparent.stable state. The final states are illustrated

in the middle and bottom panels of Figure 2 after a dynamical time of 16 hours,

and a computational _ime involving several hundred numerical time steps.

The two cases in Figure 2 are for a plasma beta of I (middle penel) and 4

(bottom panel) at the equator and surface, corresponding to a surface field

strength of 1.66 gauss and 0.83 gauss respectively. Under the decreased field

strength, the last closed field line maps to a latitude of about 27 I/2° as

compared to 3 latitude of 38° in the middle panel. This corresponds to an

increase in area of the coronal hole of between 35% and 40% when the field

strength is reduced by a fE,ctor of two.

These two sample calculations cannot be used to derive much in the way

of qLantitative results, but already a qualitative conclusion can be made.

This is that the change in polar coronal hole size during the solar cycle

cann')t simply be due to changes in field strength because changes of the

required magnitude to reproduce the observed change in hole size are simply

not allowed by the ave'fable data---a conclusion that admittedly has been

anticipdLed using other reasoning.
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Several problems remain to be solved using this particular calculation,

including the question of whether the configuration is completely stabl_.

It is apparent in the bottom panel of Figure 2 that the fieldlines between

2.5 and 5 solar radii and near the equator are not radial---es they should

very nearly be after a dtnamical time of 16 hours. This may reflect a real

hydrodynamic instability, and has an apparent counterpart in coronal observa-

tions (G. Ne_kirk, private comm.). This problem, evolutionary rates under

varying conditions, and geometrical dependence on deviations from a simple

dipole boundary condition are just a few of the problems we can address.

However, the viability of any physical deductions would depend on a compre-

hensive set of observations over widely varying solar conditions.

IMPROVED CORONALMODELS

Obviously the above model i_ limited by the polytrope assumption.

This limitation can be removed by conversion to an implicit differencing

scheme and inclusion of the effects of thermal diffusion. It is possible

that a computational advantage would _lso result from this conversion, even

though implicit differencing schemes are usually slower and require more

memory, because severe limitations on the allowable time step are imposed by

increasing field strengths. In an implicit shceme, the size of the time

step is limited only by truncation error, whereas explicit schemas are

limited by the criteria in Equation (1) in order to maintain numerical

stability. For these reasons, we are presently favoring the development ef

an exploratory code employing implicit differencing an4 inc!uding the effects

of thermal diffusion, momentum addition, and rotation. Such .3 code would

allow a quite general exploration of coronal energeticc. Ultimately, models

must also be extended to fully three-dimensional calculations for at least a

few special cases, but it is too much to ask that this be done immediately

with our sparse present knowledge of coronal dynamics.
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Fig. 1 Magnetic fieldline geometry (solid lines) completed by Pneuman

and Kopp (1971) for a dipolar surface field of 1 gauss at

the pole; surface temperature of 1.5 x I0 6 °K, surface density

of 108 cm"3 and isothermal flow in the 1 to S solar radii range.9
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) The Contraction and Disappearance of the Polar Coronal holes

N. R. Sheeley, Jr.

_i E.O. llulburt Center for Space Research
_ Naval Research Laboratory

Washington, D. C. 20375

_ ABSTRACT

O

T.- tie 1 10830 A spectroheliograms obtained routinely

-.. duriug 1974-1979 have been used to study the evolution of

; the Sun's polar coronal holes. Synoptic polar plots shov_

.: that the holes have decreased in size to the point that only

_, vestigual holes remain and even these remnants fluctuate

-: with detailed sunspot activity. During 1977.5-1979, the

area of each hole fell from 8? x 4 Ir R2 to less than 2_; x 4 _' R2

)

:_:T at the areal rate of 1.0 x 104 km2/sec.
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I. Introduction

Several previous studies have indicated that the sizes
/

of the polar coronal holes vary during the sunspot cycle.

Some of these studies have been based on synoptic ground-based
/

coronagraph observations (Waldmeier, 1951) or on isolated

X-ray and XUV observations (Muney and Underwood, 1968;

Broussard ctal, 1978). Others have been based on well-

understood properties of coronal holes together with an

empirical knowledge of the sunspot magnetic cycle (Hundhausen,

1977; Bohlin and Sheeley, 1978; Harvey and Sheeley, 1979).

In principle, the evolution of the polar holes should

reflect the variation of the polar magnetic fields in which

these holes are located. At sunspot minimum when the polar

fields are strong, the polar holes should be relatively large

and symmetric. Near sunspot maximum when the polar fields

• weaken and reverse, the polar holes should contract and

disappear.

This paper concerns the evolution of the polar holes

during the five-year, post-Skylab period 1974-1979. This

interval includes the relatively quiet years around sunspot

minimum (1976) when the polar holes should have been large,

as well as the increasingly active years (1977.5-1979) when

the polar holes should have been contracting. Consequently,

observations during this interval provide a test of our

present understanding of the evolution of the polar coronal

holes.
1
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>

! Polar coronal holes are visible on He I I0830A

_ spec_roheliograms that have been obtained almost daily at
f

the Kitt Peak National Observatory (KPNO) since February

1974 (cf. Harvey et al., 1974, 1975; Livingston et al., 1976;

Harvey and Sheeley, 1977, 1979; Sheeley and Harvey, 1978).

At KPNO, these helium images have been used to construct

synoptic maps of coronal holes routinely since January 1977 /

(Solar-Geophysical Data 1977-1979) and occasionally prior to

that time. The measurements described in this paper are

based on these synoptic maps.

2. Data Reduction Techniques

The polar coronal holes were transferred from the

rectangular synoptic charts to polar cocrdinate maps in order

to improve their visualization. In each hemisphere, the.

direction of the azimuthal coordinate was chosen to give the

image the same parity that it would have if it were viewed

from above the pole. However, in this presentation, the size

of each hole is somewhat smaller (relative to the full disk)

than it would appear from above the pole because the radial

coordinate is linear with respect to solar colatitude rather

than w_th respect to the sine of the colatitude.

The polar holes have been plotted as they would appear

in a coor41nate system whose synodic rotation period is 30

days rather than appr.oximately 27 days. This 30-day period

was chosen empirically so that long-lived, high-i;_titude

lobes of the polar holes would remain stationary on consecutive

rotations, Of course, this transformat:ion produced a loss of
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synchronization with respect to the Carrington system because

slightly more than one synoptic map was required to construct

each polar plot.

Finally, these plots were used to derive the solar

surface area of each polar hole. This area was determined by

integrating the areal element, R2si _ 8 d 8 d _ ( 8 and _ are

colatitude and azimuth, respective" _, over the reBion within
I

the boundary of each polar hole. In practice, the e-integration

was performed first, and the resulting function of @ was

integrated numerically at 18 ° intervals around the boundary

of the hole. Finally this surface area was expressed in units K

of the surface area of the spherical Sun (4 _ R2) .

3. Results

Figure i is a sample of polar plots for the equinoctal

seasons of 1975 and 1978. The surface area of each hole is

indicated as a percentage of the surface area of the Sun

(4_R 2 ). A seasonal ef±ect seems to be present in the sense
i

that each polar hole is largest at the time of the year that

t is most visible from the Earth. Thus, during 1'975 the

north polar hole is larger in October than in April and the

south polar hole is larger in April than in October. This

same result holds in 1978 for the months of March and September.

However, as we shall see later, the magnitude of this effect

is comparable to the variations of polar cap area that occur

naturally in a duration of a few to several months.

Consequently, this result may seem r,ore convincing than it [
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really is (despite the f_ct that the plots were not selected

to advocate a seasonal effect).

The most significant aspect of Figure I is the fact tLat

in 1978 the polar ho]es are much smaller than they were in

1975. Furthez_nore, in 1978 they seem less inclined to occur

at the poles themselves. Although large lobes did occur in 1975,

the/ extended equatorward from relatively _ _e holes that

were more-or-less centered on the poles. In contrast, during

1978 most of _he coronal hole area seems to be confined to

i lobes and relatively littl_ encircles the poles. In September

1978, the south pole lay just outside of the "polar

hule". This effect was not an ,isolated incident that could

be attributed to measurement error because it occurred on

several consecutive months in the southern hemisphere, as

well as at other times in the northern hc=misphere.

Figure 2 presents all of these measurements of polar

hole area together with the previous measurements o£ 5ohlin

(1977) and Broussard et al. (1978). Bohlin used synoptic
O

He II 304A images obtained du_ing the Skylab mission to

construct polar plots whose area be measured and expressed

in units of 4_R 2 • Broussard eg al. measured the visible

surface area of polar holes on isolated X-ray and XUV images,

but expressed these "half areas" in terms of 2_ R2 .

Consequently, all of these measurements should be appzoximately

comparable with the _._ssible exception of Broussard et al's

high-latitude, but non-polar hole3 (solid squares). Assuming

that these holes were entirely visible in the X-ray and XUV
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images, their areas should have been expressed in units of

4 _ R2 --'_ - " R 2.. _.,_._r than 2 w Co be comparable to the other

measuremenr.s. Thus, in Figure 2 the areas of Broussard et al.'s

high-latitude holes (solid squares) probably should [e reduced

by a factor of one half.

In Fi&ure 2, one can see that the areas of the polar

holes have decreased considerably from their Skylab-era

values of approximately 8%. A linear fit to the _.easurements

during 1977-1978 indicates a rate of decrease of approximately

5%/year in each hemisphere corresponding to an areal decrease

of (l.0+0.1)xl04 km2/sec. In each case, the projected time of

zero area is early 1979.

On the right side of Figure 2. the scale refers to the

latitude at which the boundary of each hole would lie if the

area of this hoi_ were distributed symmetrically about tile

pole. Although this equivalent latitude was approximately

60 ° in the quiet years near suns_at minimum (1976), it

exceeded 70° toward the end of 1978. Gf course, the concept

of equivalent latitude may not be useful for the recent holes

because their irregular shapes differ greatly from that of a

classic polar cap.

In Figure 2 the helium measurements have a rather large

scatter of roughly 2-3,%. As we have discussed earlier, part

of this variation may be a visibility effect associated with
*

the changing heliographic latitude of the Earth during the

year. However, an equally large part of it is also due to

real short-term changes of polar hole area. Such changes

e
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typic _lly occurred as Iower-latltude holes formed and tem-

porarily merged with the polar holes. The areas of such

lobes were included as part of the areas of the polar holes.

Although this effect was rela:ive!y unimporra-t when the

polar holes were l_rge, it is particularly serious now that

they are s_all. Indeed, Broussard et al. (1978) found that

such non-polar holes were the main source of high-latitude

coronal hole area during this phase of the previous sunspot

=yc!e (square data points in Figure 2).

4. Discussion

The measurements in Figure 2 continue to support our

expectation that the polar coronal holes vary during the

sunspot cycle. The formation of these holes in 1972-73 during

the declining phase of the cycle has been discussed extensively

_n several studies of the Skylab and OSO-7 observations (cf.

Bohlin and 5heeley, 1978, and references contained therein).

In effect, the formation of the polar holes resulted from the

increasing magnitude of the polar field strengths together

with the decreasing influence of active regions. By 1972-1973

each polar cap had apparently accumulated enough unipolar

ma_netlc flux to satisfy the connection requirements of

nearby magnetic regions and still to h.ve unbalanced flux

left over to form a hole.

In this paper we shall consider the inverse process in

an attempt to understand the contraction of the po]ar holes

during 1977-1978. Since sunspot minimum in 19)'6the influence

of active regions has been increasing and presumably the
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polar magnetic field strengths have bee'a decreasing. Apparently

by 1978 the polar cap_ nc longer had enough unipolar magnetic

flux to always satisfy the connection requirements of nearby

magnetic regions and still to have enough unLalanced flux

left over to form large polar holes. The north polar hole

almost vanished in January 197g (0.4,%) and the south polar

hole nearly vanished in August (0.17o) and September <0.65_).

The fact that these near-vanishing8 have been short-

lived indicates that they have be.en caused by short-term

changes £n the nearby magnetic regions rather than by

reversal of the polar fields themselves (which incidf:ntly

have not yet reversed). Presumably these intermitte_-.t

vanishings will occur for progressively longer intervals

until the polar fields themselves reverse. Then the loc-

ation of high.latitude holes will be determined entirely

oy the distribution of flux that is diffusing poleward from

the sunspot belts.

Finally, it is interesting to note that while short-term

variations of the polar holes accompanied th: fluctuations of

nearby lower-latitude fields, the long-term contraction of

the polar holes occurred at a well-defined rate of

,_.O+0.1)xlO 4 km2/sec. Tills rate is compa=able to the values

of l.Sx104 ks/set and 0.8xl04 kn,lsec obtained by Bohlin (1977)

and Nolte et al. (1978), respectively, for Skylab observations

of coronal holes. It is also comparable to Le£ghton's (1964)
a

rate for the dispersal of magnetic flux (l.0xl04 km2/sec) as
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well as to Mosher's (1977) correction (0.5x104 k_2/sec) to

this zate.

Despite the encouraging order-of-magnitude agreement

between these measurements, it is still not obvious that the

polar holes should close at the areal rate of magnetic flux

transport. Rather, the rate should depend on the rate of

change of open flux in the polar cap. In turn, this flux

rate should depend on the location, magnitude, and occurrence

rate of the low-latitude flux sources as well on the areal

rate with which it diffuses. All of these factors must be

considered before even this rudimentary aspect of the problem

can be understood quantitatively.

Acknowledgements

I would like to acknowledge the hospi'talities and

facilities provided during a Lecent visit to the Kitt Peak

National Observatory where part of this study was conducted.

I am grateful to J. W. Harvey (KPNO) for providing He I
o

I0830A synoptic charts prior to their publication and for
O

several useful discussions. The He I I0830A spectrohelio-

grams were obtained at Kitt Peak by L. Doe, B. Gillespie,

and F. Rece!ey. This observational program is supported in

part by the National Oceanic and Atmospheric Administration.

At NRL, this work was supported by NASA DPR W-14,429.

227
O

1980009682-223



Re ferences

Bohlin, J. D.: 1977, Solar Phys. 51 377.

Bohlin, J. D. and Sheeley, Jr. N. R.: 1978, Solar Phys.

56,125.
Broussard, R. M., Sheeley, Jr., N. R., Tousey, R., and

Underwood, J. H: 1978, Solar Phys. 56, 161.

Harvey, J., Krieger, A. S., Timothy, A. F., and Vaiana,

G. S • 1974, Osserv. Me___mm.Os____ss.Arcetri 104, 50.

Harvey, J. W., Krieger, A. S., Davis, J. M., Timothy, A. F.,

and Vaiana, G. S.: 1975, Bull. Am. _Astr°n" Soc. 7, 358.

Harvey, J. W. and Sheeley, Jr., N. R.: 1977, Solar Phys. 54,

343 •

Harvey, J. W. and Sheeley, Jr., N. R.: 1979, Space Sci Rev.

(in press).

Hundhausen, A. J.: 1977, in J. Zirker (ed.), Coronal Holes

and High Speed Wind Streams, Colorado Associated University

Press, Boulder, p. 225.

Leighton, R. B.: !964, Astrophys. J. 140, 1547.

Livingston, W. C., Harvey, J., Pierce, A. K., Schrage, D.,

Giliespie, B., Simmons, J., and Slaughter, C.: 1976, Appl.

Opt. 15, 33.

Mosher, J. M.: 1977, Ph.D. Thesis, Calif. Inst. of Tech.,

Pasadena, California.

Muney, W. S. and Underwood, J.H.: 1968, Astron. J. 73, S 72.

Nolte, J. T., Gerassimenko, M., Krieger, A. S., and Solodyna,

C.V.: 1978, Solar Phys. 56, 153.

228

1980009682-224



Sheeley, Jr., N. R. and Harvey, J. W.: 1978_ Solar Phys.

59, 159.

Solar-Geophysical Data: 1977-1979, Prompt Reports, Helium
O

I0830A Synoptic Maps, U. S. Department of Commerce,

Boulder, Colorado.

Weldmeier, M. : 1951, Die Sonnenkorona, Birkhauser Verlag,

Basel.

229
l

1980009682-225



1980009682-226



12 m I ! 1 I "! ! I' ! ! ! I | I 1o J I 49
11 - _, - 61

10 X o o - 53
9 o - 55

8- Xo oo 57

7 • o o - 59 3:
-r X oO o o oO o - 62 _ wI.- 6"- o --
ac • *Xx o 0 r-,0 _ • • •
Z 5 _- =' - 64 Z ::)

" " i
_o 4r- • • • o• 67

000
3_" • o 70

x _ o
2 • ¢P 74

1 • o " 78
te

|, i t .-= - i- i i. I l l i t i i
4: 1964 1965 1966 1967 1968 1969 1970 1971 1972 1973 1974 1975 1976 1977 1978 1979 --
'" 14 <
..J U.I

O • n-
::X: 13 , • - 48 <
..= • POLAR HOLES _ (BROUSSARO, uu
< 12 • HIGH-LATITUDE HOLES I et al., 1978) - 49z O
O 11 • X SKYLAB POLAR HOLES (BOHLIN, 1977) 51 z
=: • o Hel 10830_, POLAR HOLES 53O 10 zu • O
n- XX o 55 rr

9 • o o• 3¢ u
o 57 _=c

_0 8:z: o o o
07 • o - 59 _ <_

• _ o old cn 0o o 62 a
u) 6 • o o oo

o o 64
5 • • o o o

4 o o 67

3 • e= _ o 70

2 • o "/4

1 • • • o 76
.I i i I -J --I.- i__ i i i t - i_ I 1. t _ t go

1963 1964 1965 1966 1967 1968 1969 1970 1971 1972 1973 1974 1975 1976 1977 1978 1979 1980

Fig, 2: Measurements of the areas of polar holes during
1963-1979. The measurements of this paper (open circles) are
combined with measurements by Bohlin (1977) and Broussard et
al. (1978) to indicate the long-term trend.
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Abstract

Measurementsof the solarwind speed by the techniqueof inter-
planetaryscint!_lat_aare presentedfor 1971-79. The averagewind
speedwas fasterthan 503 km/sat latitudesabove± 30° for most of
1973-77. This fastpolar stream,however,was observedto becomemuch
narrowerin 1978-79. The narrowin9of the polar streamscoincidedwith
the =mergenceof sunspotsat mid-latitudes,with the startof the new
solarcycle,and with a correspondingcontractionof the polarcoronal
holes. This resultsupportsthe ideathat the solarmagneticfield
controlsthe larqe sca,estructureof the solarwind.
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It has longbeen knownthat the solarwind cannotbe spherically

symmetricalthough,perforce,thissimplemodel has often been u_ed.

The most obviousstructuresare the fast streamswhich _re now known

to have steepspatialgradientsboth in longitudeand latitude(e.g.

Hundhausen1977). We presentheremeasurementsof the latitudestruc-

tureof the solarwind speedfr_nJ1971to 1979,made using interplanetary

scintillations(IPS). The resultsshowthat persistenthigh speedstreams

emanatefrom the polesof the sun;and thatthesestreamsare modulated

by the solar cycleexactlyas are the polarcoronalholes.

The IPS techniquehas beendiscussedby many authors(Dennisonand

Hewish1967,ArmstrongandColes 1972,Watanabeet al. 1973). Our 74 MHz

observatoryat San Diegoand its data analysisare describedby Coles

and Kaufman(1978). IPS observationsin the ecliptichave beencompared

_'ithdirectspacecraftmeasurements(Coleset a1. 1978). Thatwork

gave a 'calibration'of the simpleinterpretation,whichwe adopt here,

thatthe IPS methodestimatesthe solarwind speedat the pointwhere

the maximumscatteringoccurs. We make IPS observationsof eight radio

sourcesdaily,fromwhichwe typicallyobtainusefulsolarwind speed

estimatesat three to fivesucheffectivelocations.The heliographic

latitudeof these locationsspans60°S to 70°N. However,the coverageis

not continuous;northernlatitudes(>20°) are observedfromMarch-Julyand

October-November,whilesouthernlatitudes(> 20°) are observedJune-July,

eachyear (seeFig. I of Colesand RickettIg7g).

The solarwind speedcan be averagedover longitudeto providethe

speedversuslatitudeplotsof Figure!. The characteristicU-shapehas

beendescribedby Coles and Rickett(1976). This phenomenonis best
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describedas evidencefor persisteatfdststreamsfrom the northand

southpolesof the sun. These polarstreamsare the rnlarwind response

to the polarcoronalholes,in just the sameway ti_L eclipticstreams

originatefr_ low latitudecoronalholes.

L_nQ-termci_angesin the polarstrc_,,,scan be seen in FigureI.

We identifythreephases.

First,1973-75shows stableco-rotatingstructureswith two "polar"

streamstiltedabout30° from the rotationaxis,as revealedin Figure2

(Simeand Rickett1976). The majorcoronalholesat this timecan

similarlybe describedas tiltedpolarholes;Figure3 showsone estimate

of the largecoronalhole boundaries,revealingholeswell alignedwith

the streamsshownin Figure2. indeedthe increasedaveragespeed at

the equatorin 1974 (Figurel) is due to these streams,as discussedin

the paperby Hundhausen(seethisvolume).

The secondphase,1976-77,duringwhich solaractivityis near

minimum,shows polarstreamsthathavewidenedand are betteraliyned

with the rotationaxis. This givesa steepaveragelatitudegradient

between15° _nd 30° (overlO km/sper degree)comparablewith instan-

taneousmeasurementsof the latitudegradientmade by spacecraft(Smith

and Rhodes1974).

The thirdphase,1978-79,occursat the startof the new cycleof

solaractiviK_and shows a dramaticdecreasein the speedat 30-60°N,

with similarc_angesin the south. In otherwords the polarstreamsare

narrowingat the same timethat the new sunspotsare emergingat mid-

latitudes.This changeevidentlyoccurredat the same phaseduring
4

the previouscycle. The changethatwe observedbetween1977 and 1978

was seenby Hewishand Symond_,_n ............._,_v_)_+'.'°o_]q_ and 1967. However,
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they observed only for two months of these two years and so were unable

to draw any strong conclusions.

The presence of mid-latitude sunspots implies that bipolar magnetic

regions are dominating these latitudes, restricting the area of open

fields (i.e. the polar coronal holes). Evidence for the reduced area

of the polar holes was given by Sheeley in the previous paper (see this

volume). Figure 4 shows a comparison of average wind speed at O, 30°,

60°N with the area of the north polar hole from 1971-79. Hole area
o

estimates from Kitt Peak He 10830 A data are plotted for .1974-7_

together _ith earlier estimates from a variety _f techniques. The

slowing of the wind at 30° and 60°N in late 1977 co the present is

closely matched by the shrinking of the north polar hole.

Figure 5 shows the comparison as a plot of latitude versus time.

The continuous line irlthe north and horizontal bars in the south

represent the boundaries between fast and slow wind from six-month

averages of wind speed. They can be viewed as awrage bo._daries of

the polar streams in the north and south. The dramatic change occurs

between the period 1974 to early 1977 and the period late 1977 to the

pre.ent. In the earlier period the boundary is near ± 30_, showing that

the fast polar streams filled 50,%of the total 4_ steradians;while

in the recent period the boundary moved up to near ± 65°, showing

that the polar stream now fills only 9% of m_ steradians. This is

similar to the situation in 1971, although our data coverage for that

year is poor. The various symbols identify the pclar hole boundaries

(on the assumption of axial symmetry). Although there are real rotation

to rotation changes, the long-term behavior can be described as a 60°
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boundary (13% soliG angle for north plus south hole) ir_1974-77,

followed by a retreat to 70° (6% of solid angle) in mid-1978.

_ m_,/Hmf_np m _olid angle expansion ratio between the (arbltrarj')

500 ba/s wlnd speed solid angle and the solid angle defined by the
0

He I0830 A holes. This ratio decreased from 3.8 for the earlier period

to 1.5 for 1978. Whereas the nu,mrical v,lue of this ratio cannot

easily be related to the areal expansion factor as defined for the

northern polar hole by Munro and Jackson (1977), the change in our ratio

shows that the areal expansion factor cf the poiar holes decreased

substantially as the holes shru,,k.

In summary we have observed that th_ polar streams have narrowed

substantially, at the same time _t the polar hules have narrowed.

This result reconfirms the impo_'tanceof the solar magnetic field in

controlling the "_Jronaand so_ar wind. It is likely that this changing

three-dimensionalstructure (letermi_esthe solar cycle modulation of

cosmic rays. From the viewpJint of SCADM, it is clear that the high

latitude solar w;nd shows a more pronounced solar cycle dependence than

does the ecliptic solar wind, and should be monitored together wid_ the

sun and ecliptic solar wind. Equally important, the detailed information

on the latitude structure to be obtained from the Solar Polar Mission

must be viewed in the conteyt of the long-term evolution as presented

here.

We t)ank L,he Atmospheric Sciences Section of the N.S.F. for continued
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AN IMAGING X-RAY SPECTROMETER TO STUDY
SOLAR ACTIVITY IN CONJUNCTION WITH THE SCArM PROGRAM

New Instrument Contribution for the

Symposium on the Solar Cycle and Dynamics Mission

by Richard L. Blake, LASL

I. Introduction

Processes in the deep convective zone beneath the solar photosphere are

responsible for solar activity. Aside from recent developments in solar

seismology and luminosity measurements, our ability to model the convection

zone processes must be evaluated against observatlons of phenomena at or above
the photosphere. It behooves us to make the best possible observation_ that

are directly relevant to dynamo models. We believe the instrument suggested

in this paper is one of the best presently possible for studies of dynamic

solar activity processes. While there is no compelling reason for placing
this experiment on a special SCADM satellite platform, it should be operated

from some space platform at selected intervals over the SCADM lifetime. The

Space Shuttle is a possible choice, although a less severe thermal
environment would reduce costs.

An experiment is proposed to study solar active region dynamics and

evolution. It will greatly extend the range of capabllities provided by the
Solar Maximum Mission (SMM). The larger volume and weight eapaclty of a

Shuttle launch make possible an experiment wlth enough sensitivity to study

the fastest known solar phenomena with high spatial and spectral resolution.
We shali be able to utilize a spectral resolving power X/6X _ 3 x I0 to image
events on a scale 3s small as 5" in time intervals as short as I0-3 seconds.

It will be possible to use this tremendous diagnostic power from the instant

of event onset. Similar sensitivity will be avallable for the study of active

region morphology and evolution.

Because this experiment has such high capacity for simultaneous high reso-

lution imaging, spectral dispersion, and time resolution it comes as close as

one can presently get to the observational requirements to completely char-
acterize complex dynamic events. The observational modes include:

(I) line profile analysis

(2) complete or partlal spectral scans
(3) simultaneous observation of the red and blue wings of a line to

detect dynamic plasma processes

(q) spectrohellograms

(5) polychromatlc monitoring
(6) sensitive polarimetry of 11nes and/or continuum.

Data from this investigation should prove invaluable to the sclentifle

objective of understanding the processes involved in the buildup and release
of energy in the solar corona. Slmllarly, these data wlll be of the quallty

needed to answer key questions about solar composition and solar-terrestrial
relations. Thorough in-flight calibration Is incorporated to insure the data
reliability.

The proposed Spectrometer Imaging X-Rays (SIX) is a first stage in the

development of a large X-Ray Imaging Spectrometer-Polych.omator (XRISP), which

m

1980009682-239



we proposed two years ago. Although XRISP was recognized as a major advance

in solar physics instrumentation, it was also a very expensive system whose

ultimate implementation might fall in the multi-user i_strument category. The

SIX has been conceived around the following oasic criteria:
(1) Retain the essential features of XRISP while striving for a lower

cost approach in the PI in_frum.ent o!ass.

(2) Make the lower cost version compatible with an evolutionary program

that starts with SIX in several early Spacelab flights (1983),
followed by additions over the period around solar minimum (1984-86)
to bring the system up to the XRTSP level, further XRISP-Ievel

flights on Spacelab in the next buildup of solar activity (1987-88),

and fAnally a free-flyer including XRISP for the next solar maximum
period 1989-92.

(3) Make the instrument reasonably self-cont_ined so that it can fly

either as part of a multi-disciplinary mission or in a dedicated
solar physics mission.

(4) Keep the program management options open to possible evolution into a

multi-user facility.

Criterion 2, the evolutionary approach, can be met in several ways. With
SIX we are at the full size of the eventual XRISP, but with less subsystems

and all parts well within the state of the art. The evolutionary scheme is
also set up so that NASA can choose to fund one piece at a time instead of
committing to a 15 year program all at once.

The following tabular summary cocers the main SIX experiment character-
istics.

EXPERIMENT SL_4MARY

Tit!9: Spectrometer Imaging X--Rays (SIX)
Spectral Range: 1 - I00 A

Spectral Resolution: k/6k up to 3 x 104

Field of View: 30" by i00" and 15" by 1L"
Angular Resolution: I0" x I0" and 5" by -"
Time Resolution: lO-'s

Size: 1.3m x 1.3m x 3m

Collecting Area: Total - 3600 c_,*

Area for distinguishing a poCnt source - 162 cm2 x

Area for spectrophotometry of a point source - 837 cm 2 x

(Product of geometrical throughput and detector
efficiency) m 0.15

Sensiti.l_y: Signal eo noise ratio will be about unity for a flux ml ph era-=
see * at I AU in the 1.9 A Fe XXV resonance line:source can be
either a point source or extended.

Dynamic Range: I0' on MECAs; i0' on SECA
Weight: 550 kg

Power : 134 W average; 242 W peak
TM: HRM 798 kbps in flare mode

1.5 kbps in active region mode (non-flare)

RAU 5 kbps
Video 4 MHz S rand

Primary Tnstruments: Three collimated plane-crystal spectrometers
Detector Type: Simple proportional counters

246
J

1980009682-240



Special Features: Imaging with 5" resolution and very high spectral
resolution

Plasma dynamics analysis from simultaneous observations in

red and blue wings of any line in spectrum from 1 to 15 A.
Very fast time reso!Jtion.

Expandable to greater capacity in evolutionary approach.

II. Objectives
(a) Scientific

(I) Isolate and characterize the physical processes involved in

build up and release of energy in the solar corona, especially

in flares and active regions.
(2) Determine the solar element abundances in the corona and whether

they vary in time, location on the disk, or in _ssociation with
solar wind streams.

(3) Discover any new aspects of the solar activity cycle that could

help to explain the correlations with terrestrial phen)mena.
(q) Evaluate models of the corona, such _s the recent loop models of

Rosner et al. (1978) and Ionson (1978).
(b) Intermediate "Model Parameters" to be Measured

(I) W_ve motions -.periods, amplitudes, spatial distribution.

(2) Shock propagation - risetime, decay time, energy content and

dissipation, spatial distribution.
(3) Non-propagating pulsations - time scale, spatial distribution,

energy content.
(4) Suprathermal plasma - distribution functions in space, time,

density, and energy for pleotrons and ions.
(5) Thermal plasma - distribution functions in space, time, density,

and energy for el(=trons and ions.

(6) Macroscopic parameters - electron temperature and density, iop
temperature and density, turbulence parameters, and emission
measures.

(e) Observational Capabilities Meetin_ Requirements of (a) and (b)
(I) W velengths of lines accurate to a few parts in 106 .

(2) SpJctral resolution 3 to IO times narrower than anticipated
Doppler widths; X/6L _ 7 x l0s to 3 x i0W.

(3) Be_t attainable spatial resolution: 5" x 5".

(4) Ima_ing simultaneous with above capabilities.
(5) Temporal resolution simultaneous with above; I0-_ seconds.

(6) 5imu2taneous servation of 3 lines, arbitrarily chosen anywhere
in range of observation 1-100 A.

(7) _oic_ of continuum monitoring instead of lines.

(8) Simultaneous observation of two sides of a single line, with
wlde range of choice on any line to be observed in the 1-15 A

range.

(9) Signal to noise dynamic range of 10s.
(10) Timing accuracy of i0-' seconds.

(11) Callbration accuracy to ±i0 percent on intensities and two arc

seconds on solar locations (built into experiment).
(12) Polarization sensitivity of better than one percent on lines or

continua (2 to I0 keV) in time it takes IPS to rotate 180 --

degrees.
(13) Thorough infl'3ht calibration.
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/II. Approach
(a) Concept
Our guiding idea has been to choose the approach that quantitative

comp_r!_on_ have shown to be most sensiLive to dynamic events, We had to find
a way to simultaneously image solar phenomena while employing high resolutlon

spectroscopy to diagnose the physlcal proessses. The time resolution was Just

a matter of experEment size.

Possible approaches include (1) plane crystal spectrometers preceded
by imaging collimators, (2) plane crystal instruments _tth pencil beam colli-
mators that are rastered, (3) convex curved crystals, (q) concave curved crys-
tals behind an x=ray telescope, a,d (5) objective grating telescopes. Method
(1) is our approach. The second is too slow because of the raster needed to
make an image. The third provides no imaging and low sensitivity. The fourth
is too slow because of the raster requirement and is also mechanically compli-
cated, expensive, and not ef;ective at the wavelengths of most lntersst @2 A.
(Method (q) is probably the best at long wavelengths, especially for long term
evolution of the solar corona.) Method (5) is the only viable competitor to
(1) for our objectives. We reject it because it has very low efficiency at _2
a where method (1) is strongest and because the presently attainable resolvzng
power is not high enough.

Observations of dynamic events like solar flares are essentially signal
limited rather than background limited. That is, one must provide sufficient
collecting area to assure a statistically significant number of photons in the
event time scale. Only then do background considerations need be made. This
factor works against method (5) and Zn favor of (1) at short wavelength.
_adamard transfnrm spectrometers (Miyamoto, 1977) ere also ruled out for this
and other compelling reasons.

A very strong infl,lence on our choice has been made by the scientific need
to determine types of plasma motions involved in dynamic solar events. Such
fluid motion analysis demands very rapid observation of changes in llne
profiles over spatially extended regions. Our approach ls very powerful for
this purpo3e, having in fact been taken from well established optical
techniques.

(b) Method
Simultaneous spectroscopy and imaging of _ynamle solar x-ray sources can

be achieved most efficiently by crystal spectrometers preceded by imaging
multlelement collimator arrays (MECA). A3 seen in Figure 1 each MECA element
(subcollimator) ls physically separate _rom its neighbor, the two of whleh can
be designed to view separate locations on the solar disk. Numerous MECA
elements may be combined into a single housing so as to cover an appropriate
region of the sol3r dlsk (Van Beck, !976). _=hlnd each MECA element is a
separate crystal whose orientation is shifted relative to its neighbor in
amount equal to the angle Ae between the corresponding two NECA elements -

this permits both crystals to observe the same wavelength Xo but from differ-
ent solar locations. A separate detector element for each ec_.btnatlon of
crystal and MECA element permits electronic synthesis of the signals to gen-
erate a spectroheltogram at the wavelength setting of the sy_tem. To change
Wevelengths the entlre crystal array is rotated and the Brag_ relation holds;

i.e., r_ = 2d sine o, where eo is the angle between any NECA element axis and
its crystal surface.
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REPRODUCIBI_ITY OF THE
OPoTGINALPAGE IS POOR

I_eally one would llke to employ enough MECA elements to cover the entire

sun with one are second resolution. In practice the diffraction of x-rays in

the grids making up a MECA element limits the rcsolutto,, Lu 3_:,and phy_icai

constraints prevent whole sun coverage even at 3" resolution. Our approach is
to

(I) Provide :patio] resolutlon in _wo steps of 5" and I0" by means of

nested MECA s}stems (Figure 2). Increments chosen are compatible
with diffraction limits for the vavelengths to be observed and with

grid collimator technology.

(2) Provide true imaging at 5" resolution over a FOV 15" x 15", and at
I0" resolublon over a FOV 30" x I00", by means of MECA spectrometers.

We bel_eve this approach suffers little relative to the unattainable Ideal

because of the following factors:

(i) With the aid of coordinated ground observations our field of view
will include the entire area of the majority of x-ray flares in a

selected active region and only about half the total number of solar
flares will be missed because of the pre-select_d active region being

the wrong one.

(2) It permits unambiguous location of point sources in _ see of time,

(3) It permits one to follow precisely the evolution of a source that

changes spatial scale in time,
(4) The hottest and brightest region, i.e. a hot core where the energy

input is suspected to occur in impulsive flares, is selected for

immediate high resolution spectrcscopic diagnostics, and

(5) Extended sources can be imaged, along with high resolution
spectroscopy.

Figure 2 illustrates the nested MECA approach £or SIX (figure 3 is a

probable nested MECA ap _3ch when SIX evolves into XRISP). Imagine one bank
of cr tals _say one of the two identical side banks in figure 4) fed by a

MECA in which each plxel is 10" x I0" and the FOV is 30" x i00". Then con-

sider a separate bank of crystals (the centrally located bank in figure 4) fed
by another MECA, whose reference axis _ints in the same direction as the axis

of the larger array but whose FOV is 15" x 15" with 5" resolution per _ixel.

The second of the two identical side banks of crystals has a set of 10" reso-

lution pixels whose field of vlew on the sun is exactly superposed on that of
the first bank. The red and blue wings of a line are selected by shifting the

crystal banks in opposite directions while holding the field of view fixed.

Whether one is observing a flare region or nonflare active region, the
spectrometers can be set for the hottest line (or continuum) expected and one

increment of the pointing control, taking 2 seconds of time, will be suffi-
olent to place the _.. .-_-^_"_4--.._._u.spectrometer field of view onto the source of

energy input in the solar atmosphere. Or the spectrometer array with _0"
resolution can be use4 to monitor from the instant of flare onset.

It is important to realize thct a "snapshot" in this scheme gives the full

image of a flare and its surrounding active region with simultaneous high
spectral resolution, albeit wi_h highe.t spatial resolution only at the seat

of energy input. If one does not insist on moving the 5" spectrometer FOV to

the seat of energy input the flare event can be followed spectroscopically
from its onset with I0-_ sec time resolution. Based on the statlstic_ of scft

x-ray flare sizes from the ,'TMprogram (Kahler, 1978) and the known preference
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for flares to develop along magnetic neutral lines, it sh_-id be possible to
orient our rectangular field of view to cover the entire area of the majority
of flares.

Polarization measurements with a sensitivity of one oercent or better can
be _dc in the time it takes to rotate the experiment around its llne or" sight

by 180° , The crystals are nearly perfect polarizers near 45° Bra&g angle.

&ny llne or continuum near 45° can be measured°

Performance criteria for the instrument have been evaluated from existing

knowledge of solar x-ray fluxes and temperatures folded into crystal
Y

diffraction theory. Crystals are available for llne profile studies below

12.5 A and for line flux measurements up to 100 A. Mechanical statility
requirements can be met by separating the ¢olli,_ators into _ klnum_Llcaily "

mounted housing with thermal and mechanical isolation from the remaining
external coarse structure. Grids for the collimator are ava _le

commercially as a result of developments in our rocket program. In fact, the

only subsystem that has not been already developed and flight proven is the

thermal control, and the technology for thi.'xis obviously not new.

Modes of operation include"
(I) high resol,_tion spectra,

(2) llne profiles,

(3) dynamic spectra (mass motions, waves, pulsations),
(4) spectrohellogram,
(5) polychromator,
(6) calibration, and

(7) aspect.

IV. Aspect Sensing and Callbratic,;

Our aspect calibration mode by use of cosmic X-ray sources _uggests the

acquisition of SCO X-I with an accuracy ._._-_n=_re___.._-....._- to o.v.u"_ loss of

time hunting for it. To correlate ith optical and magnetographlc observa-

tions we need to have our own internal optical images to a precision of I arc
sac. Further we _:.ustknow the relation between our x-ray an_ optical axes
within i arc sac to make effective correlations. We have made the cost-

effective choice of taking aspect calibration from a system developed in our

,ocket program, which has 2 arc sac accuracy, correcLable to I arc s_c.

The rocket systelahas a simple interference-type Ha filter in front of a

simple telescope objective which forms a H_ sun image on a reticle. A
transfer lens provides a magnified, erect solar image on a one inch vidicon

tube. The Hs filter and vidicon tube designs have repeatedly survived rocket

thermal and vibration tests that exceed Spacelab requiremen.s. Figu:'e 5 shows

both fh_....layout of +h=..._aspect _j_._,,,_....=,,__'-_,,_technique fo__ a] _a,,_,,a_'_
optical and x-ray axes. Co-alignment of the optical and x-ray axes i,_:a t_O
step process. First a reference mitre- is installed on the x-ray colll,._ator

structure with i_s normal parallel to the x-ray axis within one arc sac. This

is achieved by np_._=1....... m_=,o._...._4_..._.._,,_....._,=,,_optical setup used t,,ai_.sr,the
grids themselves (Blake et al_, 1976). Second the reticle is flluminated from

the backside; the beam coming through the telescope objective is in turn

imaged by an autocollimator which simultaneously ,,_.-wsthe collimator refer-

en:_emirror. The retic]e is aCJusted until its .mdge colncid_s with th_.t from
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the collimator reference mirror within one arc see. We have thoroughly
explored all the idiosyncrasies of this method and learn,a h....*0 _^'_ ....

A simple mui_Apiexer superimposes unlve_sal time (or spacecraft time if U7
is not available on the Spacelao) onto the TV image which is then transmitted

to ground and recorded on video tape. Coordinates of the x-ray emic3ion line

of sight relative to a sunspot pattern are thus known to within one arc see

for correlation with ground based and other space obsevvations with one msec
timing accuracy.

When the experiment llne of sight is drifted across SCO X-I not only is

the _ng-!_r response of each pixel measured but also the angular separations
of all the pixels from one reference pixel that was used to align the TV axis.

V. Compari.mn With Other Solar X-Ray Experiments

A large increase in spectroscopic diagnostic capability is made possible

by the large vol[me end weight capacity of the Space Shuttle. To give the

reviewer a brief summary of how solar observations will be augmented we
provide in Table I a capsule comparison. The XRP is t_9 x-ray polych_omator

on the Solar Maximum Mission (SMM) and HXC is the hard z-roy collimator, also

on S_. The XRP does spectroscopy with a single 10" pixel while the HXC

images over an active region dimension without doing spectroscopy. SIX is a

combination of both functions with improved spatial res_4ution and _..ch

greater sensitivity. As SIX evolves into XRISP we will gain still more on

spatial resolution, wider spectral coverage, a little larger field of view, a
•t whole-sun flare finder, and more complex mode sequencing during faJt
2nts. The principal investigators on both SMM experiments are collaborators

on the SIX (or ?_ISP), which is a next-generation instrument. The scientific
team so far conslst_ of L. W. Act m (locKheed), R. L. Blake (Los Alamos), A.

J. Burek (NBS), H. Hudson (UCSD), G. Hurford (Cal Tech), W. Neupert (Goddard),

M. Van Beck (Utrecht), A. B. C. Walker (Stanford), and coll-gues in these

institutions. Others ar_ in"_ced to partJclpate in what we :onsider to be a

solar studies program of nlgh potential and hopefully accessible to a wide
range of solar physicists.
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TABLE 1

StD_ARY OF KEY POIhH'S IN COHPARISON WITH

OTHER SOLAR X-RAY EY.PERI.'_qLNTS

SYSTEH

XRISP SIX XRP HXC
!-'ACTGR

^

RESOI.Irl !0": _" 5" 10" 8"

FIEI.D OF VIEW 3'x3' SPECTRA 30"xIOO" t_O" 8..' C _CA

36'x36" FI,ARE- NO FLARE- .NO FLARE- J.2' F
FINDER FI NDER FI NDER

DEC(}NVOI.UTION ;;o _)._;S['ECFRA YO N. .NOON NECA

YES O:i VF

I._CE SL'SCEPTIBLE N() ; (} --- WILD

TO TI._E V.'_RIA_IO"S

SPECTROSCOPY YES YES YES .'¢0

SPECTROSCOPY O:'I,Y 0.; VErY IJdCE ONLY ()._; VERY YES. EXTREME ---
SUSCEPTIBLE TO _. COHPI,EX SO'RCES LARGE & COMPLEX
TI HE VARIATIONS SOURCEd

SENSITIVITY

a. LOCATE A 94

POINT SOURC'E (AT 3" RES,) 88 O OalO
(AT 8" I_S.J

b. Fe LINE 37 _, 317 6 ---

SPECTROSCOPY (AT 3" RES.) (AT 5" RES.) (AT lO" RES.)

7 1 1 h._6 (AND TOTAL)
(TOT?d.) (TOTAL)

c. DUTY CYCLE l ] 1/(36 A) l
ON FLARE OR
ACTIVE RECION

OF ARFA A

(ARC HIN)2

NONIFLARE YES WITH ltl(;t,.' YES WEAK
OBSERVATIONS SENS. AND

RESOLVING POWER

DEFINITIONS:

FF .= FLARE FINDER

C ,'4ECA_= COARSE HL_.TI EI,L-_.-_'{;:)I.l.lY._Tq)._ARRAY

F MECA _- FINE HULTI EI,EHEN_ Cnl I.IHA._)RAP,P,A"."
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L

MECAELEMENI"
(SUB-COLLIMATOR)

/

F_&ore 1. _Irlslemtnt coll_mtor errey _) coocept. _lll_tion
in o_t d_mmsion ia shinto. _ch eu_oll_tor kite •
_il beam to its crystal and detector unit. V_rlous
subcolXll_r-_r_tel-detector _mlt8 are offset from one
8nether by AO to provlde _aStn G tn ptxele.
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15"x 15" FOV
5" RESOLUTION

PIXEL ARRAY

30"xI00" FOV
I0" RES(.LUTION

PIXEL ARRAY

I

F_ura 2 . The two •tase nested _ approach for the SiX
experlmmt. I_adcm arrays of heusonal holes in
the collimator grid• fore hexaSonal pixels on the
solar disk. Spacing of the variou• plxel axes. by
81/4_mdn_t vithin the colltmtor 8.'id frames, fonts
• field of viw vith flat spatial eens_.tiviLy.
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SOLAR
METER

3'

.-7-

/ , I 81
A I - d /

27" I I _ 1i I\

A

A

^ FOV A

9" RESOLUTION 9" F_V

PIXEL _ 3" RESOLUTIONpIxEL
A

9"

Figure 3. I_t|ln$ approach by means of na3ted H_CA's. Nine p£xel8 In the

Illest f£eld of view (FOrd) Just f111 the central p£xel of Che
Iulxt _lrger FOV. As the FOV lncrealles from 9" to 180" the

f_tgtn8 resembles 8 telescope vhose resolution degrades off-axis.
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APPLICATION OF A MAGNETOGRAPH AND X-RAY TELESCO_'_ TO THE

STU"f OF CORONAL STRUCTURE VARIATIONS

David M. Rust

American Science and Engineering, Inc.

Cambridge, Massachusetts 02 139

A very difficultproblem confronting solar physics today is to determine

the magnitude, structure,originand e: _tionof the magnetic field,espe-

! cially in the solar corona. Altho ,g_ excellent observations of photospheric

fields are made daily, coronal fields are rarely measured, and past measure-

ments were at very low (~ 1 arc rain)resolution (Harvey, 1969). No improve-

ment in this situationis expected soon, but powerful indirectmethods of

inferringfacts about coronal magnetic fieldsexist and any program, such as

SCADM, for studying the evolution of solar magnetic fielas and coron._l

structureshould utilizethem. I referto softX-ray imaging and coronal lield

calculations based upon photospheric measurements. Both approaches have

been used extensively, but until,considerably higher time resolution and long

sequences of simultaneous observations are obtained,we can hope for only

incremental improvements over the results from the Skylab flight,when most

softX-ray observations were made. I will explain.

Coronal structuremay conceivably evolve in three ways. Eitherthe

fieldlines are connected to photospheI_c footpointsforever and are dragged

arround by convection or the field lines reconnect and change topology on a

sub-telescopic scale or reconnection takes place rapidly over large volumes.

_e can eliminate the firstpossibilityas being contrary to observation, even

though we have never seen the reconnection process itself. The va:Ting

patterns of coronal holes and bright arcades that are so prominent in the

6

Presented at thc Symposium on the Study of the Solar Cycle from Space_

Wellesley, Massachusetts, 14-15 June 1979.
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Skylab observations indicate that transformations between open fieldregions

and closed fieldregions are common. Unfortunately; the time resolution of

the Skylab observations was inadequate to reveal how an open fieldregion

becomes closed and vice versa.

Figure i shows one example of changes in th9 X-ray corona which

almost certainlyreflectchanges in magnetic fieldtoFDlogy, i.e., reconnec-

tlon. The figure shows how two transientcoronal holes grew (at 1622 UT),

moved furtherapart (1706 UT), and faded away (2115 UY). The images are at

one-orbit (~90 mln) intervalsso It is impossible to follow more precisely

the evolution of these transientholes. However, by analogy with the more

permanent coronal holes (Zirker,1977), we assume that dark regions dis-

tinguish open magnetic fieldregions from bright, closed-fieldregions. Of

course, X-ray brightness is determined by unknown coronal heat;,,gprocesses

and by radiative and conductive cooling, bLltit seems very unlikely that

these processes can suddenly go out of balance and produce transientcoronal

darkenlngs, especially in the relativelyquiet region shown in Figure I.

Ifcoronal fieldschange by reconnection, how rapidly and on what

scale might the process take place ? The speed at which disturbances in

magnetic fieldspropagate is near the Alfv6n speed, ~ 500 km/sec in the

corona, so we expect rapid changes -- too rapid to have been detected in

the course of most observations.

Nolte et a___l.(1978) scudled large-scale and small-scale coronal hole

boundary shiftswhere fieldsare presumably opening or c.loslng. They found

that 38 percent of coronal hole boundaries shiftedby more than one hello-

graphic degre_ (I.22 x 104 kin)per day and i] percent of the boundaries

shifted~ 105 km per day. These boundary shiftsare too fast to be attributed

to footpoint motion and on too large a scale to be attributed to a series of

sub-telescopic transformations. Nolte et al____,concluded that coronal hole

boundaries often, perhaps always, shiftin discrete, large-scale steps,

J
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and that the changes probably reflect field reconnections. Cthe_ evidence,

developed by _Ncbb et a__.__!!,(1978), links the boundary changes to trans:ent

mass ejections (Hildner, 1977) in the outer corona. The rate of these ejec "-

tions is expected to vary considerably over the solar cycle, and by implication,

the rate of discrete changes in the low corona should vary with phase in the

cycle. It is an open question, however, of whether the dramatic differences

between the sunspot-maximum phase corona and the minimum phase corona

can be attributed to a succession of rapid large -scale changes reflecting

field reconnections.

If low-contrast coronal field structures reconnect at the Alfv4n speed,

the time resolution needed to follow the process with the resolution (~ 104

kin) provided by a practical X-ray telescope is 10 000 km + 500 kin/see = 20

sec. This time resolution is achievable and itwill yield n__ewdata on a fun-

damental physical process - reconnection - that, for many, stillremains a

speculation. The higher time resolution will allow us to see the discrete

steps of coronal evolution clearly for the firsttime. At present, we know
i

that the low corona changes by discrete steps, but observations have not

had sufficient resolution in space and time to study the physical processes

at work. Twenty-second time resolution and 10 _-c sec spatial resolution

should be sufficient for tracing structural changes taking place at the natural

velocity of the magnetized coronal gas.

It has been suspected that emerging flux, i.e., relatively rapid growth

of local photospheric fields, is responsible for disrupting coronal structure

(Heyvaerts et a___.__ll, 1977). To test this hypothesis, simultaneous photospheric

magnetograms and coronal images are necessary. Substantial photospheric

field changes do ta_-'-o_place on a time scale of 104 sec (Rust, 1976), so

magnetograms should be obtained every 103 sec to detect flux emergence

and to follow field changes caused by supergranule flows. These changes

may reveal where stresses in the low corona or chromosphere are building.
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Presumably it is to relieve these stresses that reconnection and subsequent

relaxation +,, a near vacuum ;_^'_..... •,_,u stat_ take& p_ace.

Field extrapolations into the corona (Levine eta____!.,1977) based on

photospheric measurements have placed open fields in regions that late___/.r r

day?loped co,anal holes. The point is not that the fields open before

the corona .]arkens, but that the vacuum fieldcalculations are naturally

showlngthe lowest ene:gy fielobefore the corona car,reach itby reconnection.

• Timely sequences of magnetograms are required to probe stress build-

ups (deviationsfrom a vacuum field)by providing _nput te sophisticated

models, w**ich can include currents flowing in the corona. The appropriate

time resolution, suggested by past observations, is 15 -30 min, not the

present standard of 24 hour_. Because ground-based magnetogram sequences

are always interruptedby nightfalland, frequently,by poor weather, we mus_

place a magnetograpn in space to can y out a succe__sfulcoronal fieldinves-

tigation. . -

In conclusion, to study coronal magnetic fields, their daily transfor-

mation from closed to open to closed configurations, and to study how they evolve

over a solar cycle, a magnetograph able to obtain uninterrupted sequences i

of observations over long periods should be paired with an X-ray imager of

high spatial and temporal resolution on a long duration space mission or a

series of short (~ 1 month) missions repeated at intervals over a solar cycle.

This work was supported in part by NASA contract NAS8-27758.
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Figure I Evolution of transientcoronal holes (arrows)on eitherend of a
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long-decay enhancement of 2-54 _X-rays. Each image shows
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VARIATIONS OF THE SOLAR WIND AND
SOLAR CYCLE IN TEE LAST 300 YEARS

J. Fey_,man, Dept. of Physics, Boston College,
Chestnut Hill, MA 02161

S. Silverma._, Air Force Geophysics Lab.,
Hanscom Air Force Base, MA 01731

Abstr..ct

Because the solar wind driva_ geomagnetxc activity and
aurora, the past hzstory of the wind and solar cycle
can be in'erred from records of geomagnetics and aurora.
Elsewhere Jt was shown that the extraordinarily low
icveI of geomagnetic disturbance around 1901 implied
the solar wind velocity and southward magnetic field
coul_ not simultaneously be within the range of current-
ly observed values. Here we show that the period about
1810 resembled the 1901 minimum and Lhat the solar wind

apparently varied in a systematic mam_er throughout the
ver£od from 1770 to 1857. We conclude that the solar
wind and hence the sun changes on a time scale long c_-
pared to a solar cycle and sho_t compared to the Maunder
mini-,,m and that the SCADM must include studies of this

type nf phenomena if it is to achieve its mission of
unde_ tanding the solar cycle.
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Since the central theme of the Solar Cycle and Dynamics

, ml_xun is to develop _ quantitative understanding v._t _hc _v...o_'--

variabiJity, the mission would bent be accomplished by a combina-

tion og studies made from a satellite ann other studies, both

observat.onal and analytical, which do not involve s_tellite ob-

servations. In this paper we give an example of the ways in which

solar-terrestrial physics can contribute to SCADM obiectives. We

show that during the last 300 years the solar wind, and hence the

sun, underwent significant vari._bility on time scales short com-

pared to the Maunder minimum and long compared to a single solar

cycle.

The sunspot cycle from 1610-1975 is sho_n in figure 1, from

Eddy (1976). The Maunder minimum is evide-t cn the top line where-

as the second line shows three weak solar cycles between 1800 and

1830. The third line shows a rather bro_d series of weak solar

cycles centered on about 1900. The three periods of weak activity

around 1710, 1810 and 1900 led to the hypothesis that there was

an "80-100 year" cycle in sunspot activity, sometimes called the

"Gleissberg cycle." Since sunspots were rare during the entxre

Maunder minimum, it would now be mot,. appropriate to use the term

"Gleissberg variation" to denote the three periods of weak activ-

ity near the turn of the three centuries. Here we discuss solar

wind variability during these periods, _ith particular attention

to the 1810 minimum.

The 20th century minimum has been studied by several .ork-

ers using geomagnetic data as a proxy for the s(;lar w_nd /FeynmRn,

1976, Svalgaard, 1977, Feynman and Crooker, 1978). In sztu mea-

surements of the interplanetary medium have increased the unuer-

standing of the ma.gnetospheric response to the solar wind and

pemflitted the developn_ent of _ome empirical relationships between

solar wind parameters and surface geomagnetic variations. For ex-

ample, the correlation coefficient between half yearly averages

of mi_latitude geomagnetic indices and _v2.. tBzl> is 0.9 (Crooker

et al, Jq77). Here v is the solar wind speed, IBzl is the hourly
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average of the component of the Interplanetary field in the di-

rection of the Earth:s dipole, and <> denotes a half yearly aver-

age. A daily index of geomagnetic activity has been determined

frca records beginning in 1868 and extrapolation of the observed

solar wind-geomagnetic relationship to e_rlier times can be made

to estimate the condition of the solar wind around 1900. With

this technique, Feynman and Crooker (1978) concluded that the

gec_tgnetic records of 1901 were so quiet that the solar wind

could not simultaneously havp a speed and a [Bz[ within the range

observed since in situ measurements began. They estimated that

either the average yearly speed was less than 200 km/sec, or the

southward field was a factor _f three smaller than it is now, or

both the speed and field were smaller than they are in the current

epoch. After 1901 the level of geomB.gnetic activity changed so

that by 1940 it was much the same as it is today.

The Maunder minimum period has been studied by Suess (1979)

who used auroral and C14 data as proxies _nd concluded the _olar

wind was weak at that time.

In this study we utilize Rubenson's (1879) auroral frequen-

cy data from Sweden for the years )720 to 1876 as our proxy data.

Rubenson was a very careful worker and since his series was col-

lected by a single person in a restricted area it forms as nearly

a commensurate set of data as can be available from this period.

When geomagnetic _ctivity is high, aurora tend to be bright and

seen relatively far south. Weak &ctivity is associated with weak

aurora occurring in a contracted oval. The tota_ ntur,ber of aurora

seen in Sweden each year is shown in figure 2. In this count, if

more than one observer reported the same auroral display, it was

counted as a single aurora. The year is counted from June to

July, but of course the catalogue shows that almost no aurora are

seen in Che summer months of May, June and July. Note the paucity

of aurora _, the years 1809-1815. In the entire period of 156

years only 14 years had fewer than 10 aurora, but of these,
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6 occurred in this period of 7 ye&rs, indicating that the solar

_d war it. some sense weak around 1810 as it was in 1900 and

at the end of the 1700's.

In order to examine _his period more closely the geographic

distribution of Swedish a_rora is shown in figure 3. Rubenson

has divided Sweden into fo'_r geographic latitude regions: from

55°N to 5_30'N. from fiS°30'N to 6_ 30'N from 61 ° 30'N to 65°N and

from 65°N to 70 _N. He reports on the number of aurora seen in

each region, so that, in contrast to the count shown in figure 2,

if an aurora is seen over a wide enough distribution of tatitudes,

it will be reported once for each district in which 1_ is qeen.

In figure 3 we show the ratio of the number of aurora reported

for the two most northerly districts to the number reported for

the two districts south of 6_ 30' geographic latitude. Frtm 1807

to 1821, i.e. approximately during the second of the three weak

sunspot cycles, almost all of the aurora were seen only in the

north, in agreement with the notion of a weak wind. There are

two periods before 1807 and after 1821 when auroral frequency was

more equally distributed between the north :_md the south in that

auror_ were seen about 1 to 3 times more frequently in the north.

These two periods correspond approximately t_ _he first and third

of the three weak solar cycles. _n addition there are two periods

about 22 years before and after the sunspot maximum of 1816 during

which the aurora were seen almost exclusively in the south. The

first period of predominantly southern aurora began a year after

the 1769 maximum of the sunspot cycle whereas the second period

of southern activity ended a year after _he minimum of 1856. The

first period was 22 years long and the second 19 years.

There is, then, a period of about 90 years or 7 solar cycles

during which the Swedish aurora underwent a well-defined system-

atic change in the pattern of occurrence, first appearing i_ the

south, moving north and then south again.

A change in the p_ttern of observed occurrence of _urora can

be due to several factors including a change in observers, a shift
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in the position of Earth's magnetic dipole, or a change in the

solar wind driving the aurora. Using the Swedish data alone it

appears very unlikely that a change in observers or the dipole

position can be responsible for producing the pattern. There is

no apparent historical leason for such a shift in observers. As

far as the dipole position is concerned, during this period the

dipole moved from 80°N, 307°E to 79°N, 296°E. The effect of this

motio_ is to move a point in Sweden which is about 60°geographic

latitude from about 59 ° geomagnetic in 1750 to 61 _ geomagnetic in

1850. The peak of auroral occurrence frequency in the current

epoch is about 68 Q geomagnetic latitude in the midnight sector

(c.f. Sandford, 1968, Fe,astein et al, 1966). The change of about

2 ° in geomagnetic latitude over the century could not have caused

the pattern in auroral occurrence shown in figure 3 because the

dipole change was not cyclic. The pole drifted in the same di-

rection throughout the period (Barraclough, 1974). The ,lonlocal

nature of the pattern is confirmed by comparing the Swedish data

with a,_roral _ightings from the Boston and New Haven area (loomis,

1866) _hown in figuYe 4. There is a period of frequent aurora

ending in 1790 and another beginning in 1839. That is, when

aurora were seen predominantly in southern Sweden, they were also

observed in New England. When they were seen more frequently in

northern Sweden, tt:ey were not observed often in New England.

When the two data sets are superimposed as in figure 5, the agree-

ment is truly remarkable.

Since the change in the auroral occurrence pattern took

place at two such widely separated locations, the cause must be

in the driver of the aurora, the solar wind.

A comparisan of the distribution of auroral occurrence for

the IGY (1958-59) and the IQSY (1963) was made by Sandford (1968).

His data show that the ratio of Swedish northern auroral occur-

rence to southern auroral occurrence was over twice as large for

the IQSY as for the IGY. Althougb th!s is _ considerable varia-

tion it is not by any means large enough tc explain the variation

shown in figure 3. Hence the ahanges in the solar wind over the

269

i

1980009682-262



90 year period were considerab!y greater than the changes between

the IGY and the IQSY and, since there are no recent reports b_ a

change in auroral occurrence pattern, Lhe changes in thc 13th and

19th c_nturies were much larger than have been seen since in situ

measurements began. There are two other remarkable observations

evident in figures 3 and 4. The first is that the ratio of north-

ern to southern aurora does not exhibit a solar cycle variation.

The second is that the change in position of auroral occurrence

is extremely sudden, as can be seen for 1790 and 1839 in both

figures 3 and 4.

We conclude that the solar wind shows a very significant

variation with the Gleissberg variation and is weak during periods

o_ low sunspot number. The wind changes in time scales of several

solar cycles and the changes are sometimes sudden. Although we

have observed the solar wind for one solar cycle, we have by no

means exhausted its variability.

New data on long term variability cannot, of course, be

collected for our use, but a great deal of good data exists tn

the old literature. We need to bring new techniques of analysis

to it. For example, as part of _he coordinated SCADM effeJrt we

should measure the quantities that affect auroral occurrence

such as the solar wind velocity, density composition a_d magnetic

field. These observations are necessary so that SCADtl studies

can extract the maximum information on an important uspect of the

solar cycle--its variability.
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ANNUAL MEAN SUNSPOT NUMBER, A.D. 1610- 1975
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Fig, I... The $ur.spol; cycle trorn 1610-1(_75 from Eddy (1976).
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Contributions of SC_M to

Solar-Terrestrial Physics

L. A. Fisk

Department of Physics
University of New Hampshire

Durham, I_H 0_824

There are many different aspects to solar-terrestrlal physics. Emphasis

here is placed on the po;sible influence of variations _:_the solar outputs o,_

the terrestrlal climate, and the role for SCADM i'Lsuch studies. SCADM should

provide deta:le-I information on variations in the solar outputs ever a sizeable

fraction of the solqr cycle, and on the physics of the convection layer of the

FSun, which _s responsible for these variations. This info.mat:on is e_sentlal

" for interpreting historical and other lon_'-term data on the influence of solar
L_

variability on _he c] :mate, and fol 8sses._,ingthe possiDle ,,ffects of short-

term selar variations on the weather.

Tntroduction "--

Solar-terrestrial ph>sics is, of course, the study of the Sun and how it

influences the earth. It As a study of how *_arious solar outputs, in radiation

or particles, give rlse to various terrestrial phenome a. It is a study also

of how variations in the solar outputs can result in variatlons in the terres-

trial environment, i.e., how they can produce dynamic effects _n the magneto-
m

sphere, In the ionosphere: in the atmosphere, or how they can affect the climate

or concelvab]y even the weather. Liearly, at the heart of all these transient

effects, as their cause, are dynamic processes occurring in the cenvectlon layer
_J

of the Sun. Proceues here can vary the solar-energy outputs which drlve terres-

trial phenomena. SC%DM which is speciflca]ly designed to nrobe the physics of

. e convection l_yer, has an important role to _lay in studies of solar-terrestrial r_

physic s.

There a_e many aspects of solar-terrestrial physics that could be discussed.

However, we will concentrate here on the possible influence of solar variations

on the terrestrial climate which is somewhat of a controversAal _ublect. This
4

subject has been chosen, in part, because this aspect of solar physics _Istin-
W"

gulshes it from many other disciplines In the space rrogram. E_!-.r[nys:_s i,_

at least potentially a subJLct of practical value in tbe foreseeable future.
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--- We should perhaps ask, then, what ImpacL uew missions like SCADM can have on

studies of this potpntially important problem.

We will begin by reminding ourselves of some of the evidence that the Sun

Ss variable in historical times, and that to th%s variability there is a climato-

logical response. Then we will discuss briefly how $CADM can play an Important

role in studies of these phenomena.

So_ar Variability_

It has been well known for more than 100 years that the Sun has an approxi-

mately ll-year cycle in activity, as is measured by sunspots (Schwabe. 1843).

However. it has only recently been called to the attention of modern solar physi-

cists, principally through the pioneering work of Jack Eddy. that the solar

activity cycle is neither constant in amplitude nor in duration, _nd perhaps most

important, that in historical times there have been periods when the activity is

essentially absent.

Shown in Figure 1 is a plot of the

/.._t-.'-r i ! : I r ITrvFr __.

annual mean sunspot numbers from 1610 to ....... I I , t_ i'_ 1-
, t-i",, "-1!; il:I,!

the present which is taken from a recent _: _- ;I , : { ,| 11 t4

review article by Zddy (1977a). Accurate _e --LI '_4_t_- [I LL/._j-[_-] _
14110 l_qB 11130 lIMla I II ll]lqD I I 11 13'W t_ I_

sunspot records were kept starting in FTI ..........' ' l,.'' ',,.l,.''"-_"- -q"
,,_.i'! .... ..R ._ i ,'i I I !about 1850. The remalnlvg parts of the

curve 8re determlned from hlstorlcal i ' 'i_!__l. ] []'_records that were assembled shortly after -,
the eyelets discovery. As can be seen in ,m ,..,..,..,m ,..,..,--.,o.m .m ,mw

the figure, there is perhaps a general -i ..... ! ; : - ----'- MD

envelope to amplitudes of the cycles of i- _ _i!I --_'_

eighty or ninety years in duration. It '.... .....

can also be seen that there was a period

from about 1645 to 1715. the so-called w ,--,m ,--,m ,_ ,.,,,m ,,,o ,_.,--._ aI

.Maunder minimum, when solar sctlvlty as
Figure i. The annual mean sunspot

measured by sunspots was essentially numbers (from Eddy, 1977a).

absent.
Q

A skeptic could argue that sunspot measurements were sufficiently unrel_ble

in the 1600ts, so that the exls_ence of the Maunder minimum is not statistically

significant. However, the corroborating evidence to the sunspot record, which

Edly has assembled, is impressive. Aurora, which are well correlated with solar
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activity, were reported less frequently during the Maunder minimum. First-hand

d_s_r_L_n6 of solar ccllpses during the Maunder minimum show no evidence for

a pronounced solar corona, as might be expected in the presence of reasonable

solar activity (Eddy, 1977a). The existence of the Maunder mlnlm_mn is beyond

question.

If we want to extend our information on solar activity to still e_rller

times, we of course have an immedlate problem. The telescope was only d_'scov-

ered in about 1310. and so before this time only naked-eye z_htlngs of sunspots

are available. Such sightlngs, however, are too random to be of much signifi-

cance. Similarly aurora or eclipse slghtlngs are too infrequent and too subject

to sociological factors to be of much use. Thus, for measurements of the past

behavior of the Sun, we have to rely on vario,,s proxy measurements of solar

activity, the most common of which comes from I_C studies.

Medium-energy galactic cosmic rays, which impinge on the upper atmosphere

of the earth, produce I_C which eventually finds its way to plants, where it

is assimilated and absorbed. The cosmlc-ray flux, in turn, Is inversely cor-

z_.lated with solar activity: Nuring periods of high solar activity, e.g., solar

maximum condltlon_, the cosmlc-ray flux is low. Thus, the Ibc abundance in the

atmosphere should also vary inversely with solar activity, or equivalently the

I_C content in, for example, tree rings can be used as a measure of the long-

term history of solar activity.

The plot in Figure 2, which is a portion of a figure presented by Eddy

(1977b), summar4zes the long-term variations in the lNC content in tree rings,

relative co a standard reference value, over a 7000-year period. The IbC is

shown with increasing content plotted downward; I_C varies inversely with solar

activity, so a high plot here implles high solar activity. We note that flrst-

order changes i_ 14C which are due to variations in the earth's magnetic field

mC Content

  InF---I V
,",-, • ! .... |,',,,i .... |, ,'v'_"_ I .... i .... | .... i .... i .... i .... |,,,t| .... | ..... _mkL_ L_

_oo 4000 _oo zO0O _x) K 0 AO IO00 Advance ond Retre_ of Alpirm Glociers .

Figure __'.Long-term deviations in 14C; downward excursions refer to

increa._.,drelative l_c and imply decreased solar activity. Also shnwn
are ti_es of advance and retreat of Alpine glaciers (from Eddy, 1977b).
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Prove been rc---oved from thls plot. The I_C c!mnges sho%m in Figure 2 are believed

to be due primarily to solar activity changes.

We cannot use the IbC measurements to tell us about fine details llke the

solar cycle. The atmosphere tends to act as a low-pass filter which is insensitive

to changes in I_C production on scales less than about 20 years. However, we can

use these measurements to infer overall trends in solar activity. We can see, for

example, the effect of the Maunder minimum in the 1600's. Moreover, we can infer

that this period of low activity was not an isolated event. Rather there have

been other periods of low activity, e.g., in the 1500's, which is the so-called

Sparer minimum, and at other times back into antiquity. Conversely, there have

been periods when solar activity was en_hanced over its present level, such as in

the 12th century (Eddy, 1977b).

It is interesting to note also that if we assume a linear relationship between

the IbC and solar activity, which is perhaps unwise, the dynamic range of solar

activity implied by this plot is quite large, and greatly exceeds the range of

solar activity that we have observed since the advent of regular sunspot measure-

ments in the 1850's. Our current observations, then, have exposed us to only a

small segment of the Sun's full repertoire.

Another fascinating example of a possible variability in the Sun was reported

at the recent AAS meeting at Wellesley by Jack Eddy, who argued that the Sun ap-

pears to be shrinking. By studying the measurements of the diameter of the Sun,

which were made by the Greenwich Observatory and the Naval Observatory in Washing-

ton, D. C. over an approximately 150-year period, Eddy finds that the solar diam-

eter appears to decrease systematically with time at a rate of about 0.1% per

century (Eddy, private comunicatlon, 1979). We can be concerned, of course, that

this effect is not real, but rather is caused by, for example, a deterioration in

atmospheric seeing conditions over this time period. As a counter argument, Eddy

notes that the Jeterioratlon in seeing conditions that is needed to explain this

observation is quite large. Moreover, there wa_ an eclipse in 1567 which, w_th

the current diameter of the Sun, should have been total, but in fact was observed

to be annular, indicating that the Sun was slightly larger in the past.

There are also some other curious variations in solar conditions on similar

but somewhat smaller time scales. In a recent paper Fel_man and Crooker (1978)

point out that geomagnetic activity is caused by the solar wind, and thus we can

use indices of geomagnetic activity, which have been recorded for most of this

century, to tell us about the recent history of the solar wind.
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Shown in Figure 3 is a plot of the 20Or , , , , , .\, _

which has be_n ,accurately and stably mea- _v I00

sured since about 1900 (Feynman and 0

Crooker, 1978). We note that, in addition _... _

to an ll-year variation, the a_z index has

been essentially systematically increasing _ 20

since that time. CrooKer e# aZ. (1977), 1o
in an earlier work, showed that for the

m _aoa,ccr,a,oo
spacecraft measurements, the aa index is

roughly proportional to the product of the v_ [ I I J I l i
southward component of t_e interplanetary 1900 10 20 _ _ _

Y_r
magnetic field and the solar wind speed

squared. Presumabty, this result can be Figure 3
Yearly means of sunspot number, the

in_:erpreted physically as being due to the aa index, and residual aa which is

VxB electric field in the solar wind being obtained by subtracting the long-term
trend in aa from the measured value

corwcted past earth at _he selar wind (from Feynman and Crooker, 1978).

speed If we assume that this relation-

ship also held back in 1900, we can use it to estimate the solar wind speed and

magnetic field at this time. We find, of course, that either the solar wind speed

and/or the southern component of the magnetic field must have been _ubstantially

smaller back in 1900. For example, if the field strength was the same then as now,

the solar wind speed woulJ have to have been roughly a factor of two smaller in

1900, or an average s_eed of less than 200 km/sec. Thus a substantial change in

the solar wind over an 80-year period is indicated.

We have evidence, then, that the Sun varies over time scales of centuries.

Th_s result is of course an interesting scientific problem in its own right. How-

ever, it may also be a problem with practical consequences, in view of the fact

that the earth's climate is obviously dependent on the Sun, it might not be unreason-

able to expect that there is some terrestrial response to this solar variability.

In fact there is some evidence which suggests that this is the case.

Possible Climatological Responses

It is well known that during the Maunder minimum the climate in northern Europe

was unusually cold; in fact it exhibited the coldest excursion of the so-called

Little Ice Age (Eddy, 1977b). Moreover, if we plot the advance and recession of
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Alpine glaciers in northern Europe, which is also shown in Figure 2, we find a

striking correlation. During periods of low solar activity, such as in the

Mmunder min!m,u_ or the _p_rer minimum, the glaciers grow, indicating a colder-

than-average cllmat_. During period of high act_vlty, such as in the 1200's,

the glaciers shrink, indicating a warming trend. In fact the period in the

1200's is known as the Medieval Climatic Optimum (Eddy, 1977b).

These records of climate changes in northern Europe are of course not in

themselves an indication of worldwide climate changes. However, even if solar

variability results la major climate changes only in isolated regions, e.g.,

only in northern latitudes, it is still an effect of major importance.

There is also evidence of correlations between changes in the Sun and

changer in the climate on shorter-tlme _cales than centuries. The best estab-

llshed correlation is probably the 22-year d:ought cycle in the western United

States. In the Goddard symposium in 1975 Roberts (1975) reviewed work that

showed that there is a marked tendency for droughts in the High Plains region,

over the past century _-_ a half, to'occur at a 2C- to 22-year interval, in

phase with the double sunspot cycle; and thus prestmably in phase with the

magnetic cycle of the Sun. More recently Mitchell et aZ. (1979) have used tree-

ring data to define an annual drought index for the central and western United

States. Again they find that these droughts tend to occur in every other solar

roll__um.

On shorter-tlme scales still, tle correlations between solar variations and

tezrestrlal climate, or even weather phenomena, get more confused. The litera-

ture is filled with various claims for correlations, some of which hold for a

time and then disappear, or even oecome an anticorrelatlon. This difficulty in

determining short-term correlations is of course not surprising. The atmosphere

is a complicated system with its own internal variations and responses, and dis-

cernlng the signal of a solar-induced variation, whlch may be weak, from strong

atmospheric noise, particularly from measurements in isolated regions, is a

tricky business. Indeed, the mere fact that the effect is hard to find should

make us skeptical that on these short-tlme scales it is important. We should

remain doubtful that solar variability is ever going to contribute to the six-

o'clock forecast.

One short-term measurement, however, that has been claimed to he correlated

with solar phenomena is the vortlcity area index, which is a measure of the area
i

at the 300 mb range in the atmosphere, where the vorticlty exceeds certain levels.

It is basically a measure of the storminess and precipitation in low-pressure
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troughs (Herman and Guldberg, 1978).

Wilcox et dZl. (1973a,b; 1974), following earlier work by Roberts and Olson

(1973), plot the total vortieity area index for the northern hemisphere (north

of 20 ° N) versus sector boundary crossings, as is shown in Figure 4. In the top

panel the data are divided into those

' ' ' ' ''I, t , , "Isector crossings _n which the |inter-

planetary field changes from positive _. •...//__/I

to negative polarity, and from nega-

tive to positive; the second panel is _._ ,/f/ _
for the first and second half of the

various winters (the correlation ; ,="__" k% i, _-

exists only for the winter months) = _%

and the bottom panel is for the years

from 1964-66, and from '67-'70. The
5

response in each panel is similar.. > __ i
The vortlcity area index starts de- - _ ¢ // -_

creasing before the arrival of the /
sector boundary and decreases for s X 10_ km 2

several days thereafter.

We should not conclude that [ I | I. ! l l l I I !

sector boundaries are necessarily the -6 -4 -2 0 2 4 6
OaV$ from _ctot boundary

cause of the effect shown in Figure 4,

since clearly the effect sets in be- Figure 4
Average response of vorticlty area index

fore the arrival of the sector bound- for magnetic sector boundary passage on

day 0. Curve a: dashed, 30 boundaries

cry. Rather, sector boundaries can separating posltlve-to-negatlve sectors;

be correlated with other solar out- full, 24 boundaries separating negative-

to-posltlve sectors. Curve b: dashed,
puts, such as solar wind oc energetic 22 boundaries in second half of winter;

particles, which may be the cause, full, 32 boundaries in first half of
winter. Curve c: dashed, 28 boundaries

Moreover, as an indication of the in the interval 1967-1970; full, 26 bound-

confusion which exists with short- aries in the interval 1964-1966. Total of
54 boundaries. Ordinate axis in units of

term responses like this, Williams
5(105 ) km2. From Wilcox et G_. (1973a).

and Gerety (1978), in a recent paper

argued that the co=relation shown in Figure 4 disappeared _n 1974-77. This result

is somewhat disturbing since during this time interval the sector structure was bet-

ter defined than in almost any other recent period (Hundhausen, private communica-

tion, 1979).

283

m

1980009682-276



We know, then. that the Sun exhibits variations. There are the well-known

ii- and 22-year cycles, and there is evidence that there are major long-term

changes in the level of solar activity, on the scale of centuries. There is evi-

dence, too, which suggests that there is a terrestrial response to this solar

variability. Climate changes occur at least in certain regions concurrent with

the long-term variability. There are 22-year drought cycles, and perhaps, although

the situation is more confusing, some shorter-term response. We should be careful,

however, not to overstate the case. The evidence suggests that something is hap-

pening. But what actually is happening, and how it works, is beyond our current

understanding. However, the suggestion of a cause-and-effect relationship between

solar variability and at least the climate is sufficiently strong, and the impli-

cations of this problem sufficiently important, to warrant serious scientific

attention.

The Role of SCADM

There are two basic approaches that can be taken to this problem. We can

recognize that for the long-term variations, e.g., on the scale of the Maunder-

minimum or even for the 22-year drought cycle, the signal of a solar terrestrial

relationship is likely to be the strongest. Short-term internal variations in

the atmosphere should average out on these scales and may reveal the solar signal.

The approach here, then, would be to probe more deeply into the historical data

or other measures and attempt to understand exactly how the earth's climate has

been influenced by solar variations in the past. The difficulty with this ap-

proach, of course, is that knowledge of t_e Dast behavior of the Sun is only

through various proxy indices, such as sunspots, or cosmic rays as measured by

I_C. No one argues, of course, that s-nspots themselves influence the climate.

Rather changes in the sunspot cycle must indicate that there is some change in

some part of the solar outputs, and this influences the climate. But how sunspot

activity is related to variations in the solar outputs is presently unknown. The

same conclusion holds for the cosmic rays. There are mechanisms which use cosmic

rays to influence the weather or the climate. However, in this context changes

in the cosmic rays as seen in the 14C are a measure of changes in the solar mag-

netic field and thus the heliospheric field, or in the solar wind. But what these

changes are, no one knows. It _s a disturbing fact that despite several decades

of study we do not hnow what changes in the cosmlc-ray flux imply about changes in

solar or heliospheric conditions. We do not know what causes the solar modulation

of galactic cosmic rays (Fisk, 1979),
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An alternative approach is to look for a coupling between sclar variability

and the climate or the weather on short-time scales. Here, we can in p_Incip_e

make very detailed measurements, and we can attempt to identify and study actual

physical processes which are responsible for the coupling. Again, the effect may

not be important for short-term weather phenomena. Howe_cL, if we understand

how it works on the short-time scales, we may be able to understand how it works

ou long times, where it can be important. But of course if the solar-induced

effect is not important for the atmosphere on the short-time scales, if it is

small in comparison with the natural, internal variability in the atmosphere, it

will be difficult to observe.

For both of these approaches, however, essential information, in tact one of

the more promising directions in which to proceed, is to concentrate on understand-

ing what in fact the Sun is doing, and how it works. If we had even a clue as to

what changes in the sunspot cycle imply about changes in solar output, or how

cosmic-ray modulation works, our abil_ty to interpret and to understand the his-

torical data would increase immeasurably. A similar conclusion holds for the

short-term studies. The atmosphere is complicated and its bebmvior is confusing

and driven by physical processes unrelated to solar variations. The more promis-

ing approach for solar climate or weather studies is to determine first and in

detail what in the solar outputs is varying. Then we can concentrate our search

for a response, which we can study, in appropriate regions of the atmosphere.

And we are in Doed here not of proxy indices like sector boundaries, but of actual

detailed measurements of solar outputs in radiation and particles.

Let us be somewhat more specific here. The first question that one should

ask in studies of whether variations on the Sun influence the climate is: 'Is the

solar constant constant?' A principal criticism against the claim that variations

on the Sun can influence the climate or the weather is that the energy involved in

the obviously variable components of solar radiation, such as the UV flux, is ex-

ceedingly small. However, if there is a v_riation in the solar constant, the ener-

getics problem disappears.

It is important to realize here that the climate is very sensitive to the

solar constant. For example, the current theory for major periods of advance and

retreat of glaciation is that an interplay between changes in the orbital param-
I

eters of the earth results in changes in the amount of solar r_diation that is

received as a function of latitude and season (e.g., Milankovitch, 1930, 1938).
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The maximum change in the total solar radiation received at a given locat_on due

to this effect, which results in major glaciation, is only a few %. Changes of

less than this, by say less than 1% in the solar constant, are expected to pro-

duce climate changes similar to those that occurred at the Maunder minimum. In

fact current climate models indicate that changes in the solar constant by as

little as 0.1%, provided that they occur o_er a sufficiently long time period,

can result in climate changes of economic importance.

Clearly, we are in need of determining with high accuracy whether the solar

constant varies, and we are in need of making these measurements over at least

some sizeable portion of a solar cycle. Measurements of variations in the solar

constant would have sevelal implications: It would provide us with a straight-

forward means by which variations in the Sun could influence the earth. Second,

if we saw short-term variations in the solar constant, over the scale of the

solar cycle, we would be more inclined to believe that long-term changes are

also possible, and that this would be the probable cause for the long-term climate

changes on the scale of centuries. And third, and perhaps most important, if we

were able to observe how any changes in the solar constant are related to other

changes on the Sun, such as to changes in sunspots or coronal holes or to fluid

patterns in the convection layer, we may develop an understanding of possible

causes of the solar constant changes_ and perhaps a means for estimating likely

changes in the solar constant in the past or even into the future.

There is in fact some evidence that the solar constant does vary. In a

recent issue of Geophysical Research Letters, Kosters and Murcray (1979) report

that the solar constant that they measured in 1978 is 0.4% larger than what they i

measured with the same instrument in 1968, and that this change is significantly

larger than the expected experimental uncertainty. However, Hoyt (1979) has

argued recently that the Smithsonian Astrophysical Observatory ground-based

observations of the s_lar constant show no change to within 0.1% from 1923-1954,

and that changes no larger _han a few tenths of a percent are observed from 1902-

1962.

SCADM, with it_ capability of measuring the solar output continuously and,

more important, with it_ capability of relating any changes in the solar constant

to the behavior of the convection layer of the Sun, and thus to the physics of

the convection layer, is an ideal mission to pursue these studies.

If the solar constant is constant, or for that matter even if it isn't, we

have to be aware that the coupling between changes on the Sun and changes at the
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earth could be by some subtler means. Some component of the solar output with

little energy may still be able to produce a major effect.

The Ideas here generally fall in two categories: First, it may be that the

solar variation only produces a small effect in the atmosphere, but that this

effect is amplified by some other means. For example, some portion of the solar

outputs, e.g., solar energetic particles, can reduce the ozone layer, and this

causes lower temperatures in the stratosphere and more UV flux and higher tem-

peratures at lower layers tZerefos and Cruntzen, 1975). _y also be that

some part of the solar outputs has little energy content, but that th_s energy

is dumped in some part of the atmosphere whero it is not insignificant. For

example, in a geomagnetic storm, energy which is stored in the geomagnetic tall

is dumped, through energetic particles, into the upper atmosphere. This dumping

occurs only in a narrow latitude range, circumvolving the poles, where the mag-

netic field lines from the geomagnetic tall connect to the earth. In the northern

hemisphere in the winter, where the solar radiation is reduced, because the earth

is tilted away from the Sun, and because the albedo may be increased with more

snow and ice on the ground, this energy in precipitating particles can be a size-

able fraction of the total energy in sol=r radiation, and conceivably may have an

effect on the atmosphere (Herman and Goldberg, 1978). It is interesting to note,

for example, that the correlation between sector boundary crossings and the vor-

tleity area index at northern latitudes only occurs in the winter months (Wilcox

et a_., 1973a,b, 1974_.

None of these possible mechanisms has been established to be important; they

are only ideas. However, SCADM, with its capability of meqsuring the radiation

output of the Sun in detail, as a fullction of wavelength, can make an important

contribution to these studies. We should recognize that Jn the time period when

SCADM is to fl_y,we also hope to have the OPEN mission underway, with four space-

craft studying solar p_rtlcle output, and energy-transfer processes in the earth's

magnetosphere. UARS may he making atmospheric measurements. Solar Polar will be

studying the hellosphere in three dimensions. We may have a unique opportunity,

in the late 1980's, to learn how the outputs from the Sun vary, how the hello-

sphere varies, and how the terrestrial environment responds.

However, the most important role of SCADM mu_t be to probe the physics of

how it all works. The underlying causes of all _olar terreztrial variations are

the dynamic processes occurring in the convect_-_ layer of the Sun. It is this

that we must attempt, through missions llke SC_)M, to understand. We are in many

ways llke the geophysicists in the pre plate Tetonic era. Until we have some
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understanding of the underlying physics which governs the v.ria_o_ that we see,

we cannot hope Lo put the pieces of the various puzzles together. We clr_not hope

to make some sense out of solar variability as an interestin% s_:ienti_ic _

and sense out of the terrestrial response to this variabilit!, as a sub_ :t of

potential practical value•
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QUESTIONS AN_.) COMMENTS

COMMENT BY: S. T. Seuss, NOAA/E]{_5/SEL

DIRECTED TO" L.A. Fisk

In the prepared summary on the contribution of SCADM to
solar-terrestrial physics, Len Fi_k placed his emphasis on sun-
weather/climate relations. Another important contribution would
be to the service-oriented science. There are large numbers of
users of solar-_errestrial data who depend on daily, or even
hourly updated and forecast infor.nation on geomagnetic activity,
the ionosphere, magnetosphere, solar activi_y,'UV/EUV solar ir-
radiance, solar X-rays, and so on. The forecasts ot larger
scope, up to and including sunspo; numbem for years in advance
are also in great demand. These _;ervices depend on a compre-
hensive empirical description of the relationship between param-
eters observa01e from the ground _nd the maay parameters ooserv-
able o111y from space. Such an empirical descriptio_ ca.% only be
supplied by a mission ]ikc SCADM, lasting over at least a major
portion of a sunspot cycle. The return could oe measured in
terms of ser_7]ce and cost benefits and should not be relegated
to a subsidiary importance in comp;_rison to more spectacular but
less beneficial scientific objectives.
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CONTPOL OF THE EARTH'S ELECTRIC FIELD INTENSITY THROUGH

SOLAR WIND MODULATION OF GALACTIC COSMIC RADIATION: SUPPORT

FOR A PROPOSED ATMOSPHERIC ELECTRICAL SUN-WEATHER MECHANISM

Ralph Marks _n
Massachusetts Institute of Technology

Depaztmcnt of Aeronautics and Astronautics

Measurement Systems Laboratory

Building W-91
Cambridge, Massachusetts 02139 USA

Summary

The ionospheric potential and galactic cosmic radiation have

been found to be inversely correlated with the solar wind velocity.

Since the ionospheric potential is proportional to the fnlr-weather

electric field intensity and cosmic radiation is the dominant source

of atmospheric ionization, these findings indicate that the earth's

overall electric field varies in pha%e with atmosnheric ionization

and that the latter is modulated by the solar wind. These findings

are in agreement with a proposed mechanism in which solar control of

ionizing radiation influences atmospheric electrification and thus

possibly cloud physical processes. The latter would affect atmo-

spheric energetics. An experimental approach to critically test the

proposed mechanism through comparison of the temporal variation of

the earth's electric field with conditions in the interplanetary

medium is outl_ned.

Back@roand

In recent years there has been rapidly increasing interest in

the possibility that variable solar activity may affect weather and

climate. A decade ago consideration of the configuration of the inter-

planetary magnetic field (IMF) relative to sun-weather relationships

was introduced (i). In the initial form of analysis, the times the

ear+h crosses solar magnetic sector boundaries (2) was utilized as

"key days" in superposed epoch analysis. The initial study suggested

that U.S. thunderstorm frequency maximized at or shortly after the

earth crossed from positive to negative sectors. Exploiting this ap-

proach, Wilcox et al. (3,4) subsequently found that the vorticity

area index (VAI), developed by Roberts an_ Olson (5) as a measure of

the integrated hemisphere-wide state of the atmosphere, contained a

%gD
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chaEacteristic variation (signal) which maximized one day after solar

sector crossings. These VAI results,which appeared to be highly stat-

istically significant, were widely reported, discussed, and confirmed

by others (6); they provided a major factor in rekindling interest in

the classic sun-weather problem.

If the interplanetary magnetic field is related to meteorological

processes, what might the physical mechanism be? It is unlikely that

the sector boundaries in themselves can directly affect the weather.

Since the IMF is maintained and structured by the solar wind, and since

atmospheric electrical processes seem to be the most probably link

between solar variability and weather (in the author's opinion), var-

iations in solar wind velocity have been examined relative to atmo-

spheric electricity. This paper reports the first evidence linking

the solar wind per se with a meteorological parameter. It has been

found that solar modulation of the flux of ionizing radiation to the

atmosphere is responsible for changing the intensity of the earth's

fair-weather electric field; the latter is a meteorological parameter

because it is maintained by worldwide thunderstorm activity. Enhanced

stratospheric ionization and/or fair-weather electric field intensity

may in turn affect thunderstorm electrification and thus possibly lead

to cloud physical effects resulting in changes in the earth's albedo

and transformations of atmospheric energy. These could affect air

motions on all scales from convection in clouds to the 9eneral cir-

culation.

Solar Modulation of Atmospheric Ionization

How does the interplanetary medium modulate electricity within

the cart: 's atmosphere? In this regard the important characteristic

of the IMF is that it controls the primary galactic cosmic radiation

striking air molecules, and thereby the flux of secondary cosmic

radiation generated mostly in the stratosphere. The latter is gener-

ally responsible for atmospheric ionization down to the top of the

exchange layer (about 2 km above the earth). Below that level radio-

active gases from the ground are about as important as cosmic rays in

ionizing the atmosphere. Cosmic radiation is augmented at times by

protons from solar flares which can penetrate down to the 20-30 km

height range (7) and sometimes lower (8,9). it is well known that
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solar activity can modulate the flux of galactic cosmic radiation.

Barouch and Burlage (i0) have shown that magnetic blobs associated

with rapid increases in solar wind velocity _creen cosmic rays from

earth. Figure 1 illustrates the decrease in cosmic radiation follow-

ing a magnetic discontinuity co,orating with the sun. A typical four-

quadrant solar sector structure is also depicted.

The Global Circuit and Ionospheric Potential

Wilson (ll) was the first to realize that the earth's electric

field extends from its surface to the ionosphere and is sustained by

currents driven by thunderstorm electric fields. If global thunder-

storm activity were to stop, the atmospheric electric field would

decay to near zero within an hour. This does not occur because thunder-

storms are always taking place at various locations over the earth'S

surface (12). There is a global circuit, sometimes referred to as

the "Wilson circuit", illustrated in Figure 2, in which the highly

conductive upper atmosphere is maintained at a positive potential

generally in the range of 200 to 300 kV relative to earth (13). In

the non-thunderstorm (fair-weather) portions of the atmosphere a return

path cunduction current flows between the ionosphere and earth. The

circuit is completed between the conducting earth and the bases of

thunderclouds through a combination of conduction, convection, light-

ning, point discharge, and precipitation currents (14). One of the

fundamental assumptions of the global circuit hypothesis is that the

upper atmosphere (lower ionosphere) at about 60 km is so highly con-

ductive that it can be considered an equipotential surface (14). Thus

its electrical potential relative to earth should vary simultaneously

all over the world. Experimental investigations have demonstrated

that this is essentially true (15,16) except in and near the two Polar

Cap regions (15% of the earth's surface) where magnetospheric and

ionospheric generators can at times maintain significant horizontal

potential gradients in the upper atmosphere (17). The conduction

current can flow because the atmosphere is made conductive primarily

through ionization by cosmic radiation. Electric fie_ds in the fair-

weather portion of the world are a consequence of £he vertical air-

earth conduction current flowing through the finite resistance of the

atmosphere. Worldwide thunderstorm activity is generally accepted

as the electrical generator of the global circuit since it is the

primary agent charging the earth and the only one capable of trans-
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letting net charge to the upper atmosphere. Measurements of currents

above thunderstorms have shown their sign and magnitude to be in

agreement with the global circuit hypothesis (18). Thus, both theory

and experiment have led most scientists working in atmospheric elect-

ricity to believe that the global circuit concept is essentially cor-

rect (19).

The Role of Ae_ospheric Electricity in Sun-Weather Relationships

In trying to understand how variable solar activity might

influence weather, three basic questions can be formulated:

i) Where does the energy come from?

2) How does the energy reach the lower atmosphere?

3) If upper atmosphere heating is involved, how can the lower

atmosphere respond as quickly as it does?

In view of these problems, several factors make an atmospheric

electrical mechanism attractive. Because it is recognized that the

energy output of the sun is essentially constant, i.9., less than the

1% accuracy of past measurements (20), it is not surprising that sci-

entists are skeptical about the possibility that solar activity might

affect the weather, at least on a shorter than climatic time scale.

While the upper atmosphere above 120 km (the thermosphere) undergoes

significant solar controlled temperature changes, this region is sep-

arated from the troposphere by two temperature inversions and essent-

ially is cut off from the weather producing part of the atmosphere (21).

However, the problems o_ energy and coupling can be bypassed with an

atmospheric electrical mechanism in which potential energy already

present in the lower atmosphere is released through electrically stimu-

lated cloud physical processes--no upper atmosphere to lower atmosphere

coupling is required. Below 25 km there is only one atmospheric par-

amet_r strongly and directly controlled by solar activity; this is

ionizing radiation. Two time scales and types of radiation must be

considered. In the secular time-frame there is an inverse correlation

between galactic cosmic radiation and the ll-year sunspot cycle. Super-

imposed on this long term variation are short period changes lasting

hours to days in which solar particles directly ionize the stratosphere.

Another factor favoring an atmospheric electrical mechanism is

that of time delays. Some sun-weather studies show rapid atmospheric

4
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responses to solar variability; the vorticity area index (22) and

atmospheric electric fields (23) both increase wit,,in one day fol]owln9

solar flares. A rapid atmospheric response to 8olaf activity is dlf-

ficult to explain in terms of present heating models of atmospher_.c

circulation since these do not include atmospheric electrical effects.

The Atmospheric Electrical Sun-Weather Mechanism

Figure 2 illustrates how solar modulatlon of _onizing radiation

would affect the overall intensity of the earth's electric field.

This is the basis of a proposed sun-weather mechanism (24} that oper-

ates within the framework of the global circuit. The 9receding refer-

ence describes why most of the resistance in the global circuit lles

between the top of the thunderstorm generator (a_our 13 km at mid-

latitude) and the ionosphere. This height range is accessible to the

varying component of ionizing radiation (7,8,9). Equivalent radiation

changes above 13 km in fai_-weather parts of the global circuit (In-

cluding the auroral oval_ would have little effect on the flow of
i

charge in the global circuit because the resistance in that element

is relatively small. The arrows in Figure 2 are shown coming only as

low as the tops of thunderclouds to illustrate that this _ the height

range where the variable component of ionizing radiation has access.

The_c factors have led to _he conclusion that the resistive

element over the global electrical generator can act as a valve con-

trolling the current in the global circuit. Thus it can control the

ionospheric potential and the intensity of the earth's electric field.

If, as reported by Vonnegut et al. (25), the vertical conduction cur-

rent over thunderclouds flows mostly over the turrets w'_ere an elect-

rical screening layer is swept away by the unfolding me on of the

cloud surt_=e, then the current would flow only over a small fraction

of the loud top. This would increase the resistivity of the charging

resistor (possibly by an order of magnitude) and make it even more

•ffective as the element controlling the global circuit current.

While cosmic radiation affects ionization down to the earth's

surface, it is Delieved that solar flare partlcles generally do not

penetrate to below about 20 km (7). However, balloon measurements

folloving solar flares indicate that solar protons can enhance con-

_ucLivity by an order of mapnitude down to 15 km (8) and on occaslo_
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right to the earth's surface during "ground level events" (8}. Even

if the ionizing radiation penetrates only into the 20-30 km height

range over thunderclouds, the charging resistance would be decreased

sufficiently so that the charging current would be increased. The

result would be an amplification of fair-weather electric field in-

tensity t_hroughout the atmosphere from the ionosphere to the ground

and from pole to pole. Further discussion of solar controlled var-

iations of atmospheric ionization (including an explanation of why

stratospheric variations are much greater and generally in the opposite

sense than ground level "Forbush decreases") is given in Reference 26.

An ampl%fied fair-weather electric field and/or e_;anced con-

ductivity in the lower stratosphere introduces the possibility of

positive feedback _hrough increased cloud electrification. With

either the convective theory of cloud electrification (27) or any of

of the inductive charging mechanisms, the ultimate electric field

intensity in a thundercloud depends on the initial electric fieldi

strength in the ambient fair-weather environment of the developing

cumulus cloud. Thunderstorm electric fields in turn may play an

important role in cloud microphysical processes (24). The above

sequence suggests a way in which atmospheric electrical variations

modulated by solar activity could influence atmospheric dynamics.

Evidence that Solar Variability Modulates the Earth's Electric Field

Figure 3 summarizes statistical studies which show a rapid

increase in ionospheric potential following within _ne day of solar

flares. These data from Reiter (top) and Cobb (bottom) (23) suggest

a short term direct solar influence on atmospheric electrification

caused by solar corpuscular radiation from solar flares (28).

The long term indirect effect due to modulation of galactic

cosmic radiation is illustrated through the results of the balloon

sounding program of Olson (29), summarized in Figure 4 (top). These

data show a negative correlation between the fair-weather air-earth

conduction current density (driven by the ionospheric potential) and

the sunspot number. These data are divided into two sets depending

on whether the soundings were made in the time interval centered on

maximum or minimun of the universal time diurnal variation of iono-

spheric potential (30). The middle part of the figure is a scatter °
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diagram of the 1.100-2200 U.T. data set. The correlation coefficient

r = - 0.667 has a confidence of 98.9% of it not being due to chance

(31). The bottom part of the figure presents the scatter diauram for

the 2300-0800 U.T. data; r = - 0.742 and here the probability has a

confidence of 99.7%. Since galactic cosmic radiation is inversely

correlated with the ll-year E"nspot cycle and this radiation is the

source of atmospheric ionization, Oison's measurements support the

conclusion that increased ionization caases a rise in ionospheric

potential in agreement with arguments presented in the proposed

atmospheric electrical sun-weather mechanSs,_,.

Because some have misinterpreted tle DrODOSed mechanism as

postulating a solar controlled change in hhunderstorm achivity, it

is emphasized that it only offers an explanation for how solar var-

iability modulates the earth's electric field. The discussion of

possible cloud physical and dynamic effects is speculative and offered

to suggest additional possible consequences.

New Findings Relating the Solar Wind to Atmosl_heric Electricity

In order to investicfate how the interplanetary medium might be

modulating the earth's electric fleld, the ioncspheric potential

variation was correlated with the basic property of the solar wind,

its velocity, and a highly sighificant inverse relationship was

found. Since the solar wind in itself can have n% direct effect on

ionospheric potential (32) and atmospheric ionization is m_intained

mostly by galactic cosmic rndiation, the relationstip between solar

wind velocity and cosmic radlation was also analyzed and it was found

that these too had a strGng inverse correlation. Th,ls the ionospheric

potentia_ and associated _ntensity of the fair-weather atmospheric

electric fiel_ vary in phase with atmospheric ionization.

The solar wind data were meas_Ired by a series of satellites

and compiled at the NASA Goddard Space Flight Center (33). The ion-

ospheric potential measurements were obtained by the author in a past

field program (15). A series of 120 potential gradient _oundings

were made with an aircraft and from these estimates of ionospheric

potential were obtained; these data have been documented previously

(34). Of these soundings, 60 were made at the same times that sat-

ellites recorded values of the bulk solar wind velocity. Figure 5 q
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is a scatter diagram depicting the correlation between solar wind

velocity and ionospheric potential. The solid regression line reD-

resents all 60 data points and shows a negative correlation r = - 0.599

with a statistical confidence of 99.99%. Because the group of points

on the right of the diagram may be regarded as somewhat removed from

the main body of data, suggesting the possibility of lack of normality

in the distribution, the anaysis was repeated excluding those points

with velocities greater than 500 km s-I. The resulting dashed reg-

ression line has a correlation coefficient r = - 0.449 with a con-

fidence level of 99.95%.

Since many of the soundings were made on the same day, there

would be some persistence in both parameters, i.e., they would tend

not to change as much over a short time span (hours) as they would

over a longer period (days). This is a classical feature of meteor-

ological statistics and it introduces some uncertainty regarding the

degrees of freedom, necessary information in testing the correlation

for significance (35). In order to remove this uncertainty, the data

have been grouped into single days, or sets of consecutive days, and

then the average value of all ionospheric potential estimates within

a group and average of corresponding solar wind velocities were cor-

related. The grouping resulted in 15 sets of average values. These

represent soundfngs obtained a minimum of 2 days apart, and this only

twice, with the remaining time intervals being longer. Since it has

been found through an autocorrelaticn analysis of the daily U.S. thun-

derstorm index that there is no persistence beyond 2 days (36) these

grouped data points should be indepe_lent. The scatter diagram for

the grouped data is presented in Figure 6 (r = - 0.739; p> 99.95%).

The correlation of these data is most easily visualized in Figure 7

made by plotting them chronologically with the solar wind velocity

scale inverted because of the inverse relationship.

It is possible to investigate how solar wind velocity might be

modulating ionospheric potential by examining its relationship to

cosmic radiation. For this analysis the bulk solar wind velocity

was correlated with cosmic ray data from the Mt. Washington neutron

monitor (37). To obtain a reasonably large data base for each year

it was necessary to use solar wind data for days with fewer than 24

hourly values listed. Inspection of the data showed that generally

4
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an average of as few as 21 hour]y values gave a figure which was

reasonably representative of the day's average. If as few as 18

hotLr!y values were used, significant errors in the average sometimes

occurred. Thus daily averages of solar wind velocity were calculated

only for those days which had 21 or more hourly values listed. Data

from 1967 and later were used as the earlier data were too sparse.

Table 1 shows the findings of this correlation study which covers

almost a solar cycle period. On every occassion there is a negative

correlation between solar wind velocity and cosmic radiation, al_ough

in 2 out of the I0 years the correlation is not significant. However,

there is little question regarding the validity of the relationship.

These findings are consistent with ideas suggesting that both solar

wind and cosmic ray variations are associated with magnetic "blobs _,

or discontinuities, in the INF (I0).

Since the bulk solar wind velocity correlates negatively with

both ionospheric potential and cosmic radiation, ionospheric potential

varies in phase with cosmic radiation. This is in agreement with the

arguments discussed previously suggesting that enhanced ionization

would increase the current flow between thunderclouds and the ion-

osphere and thereby increase _he electrification of the atmosphere.

An Experimental Approaqh to Investigating Atmospheric Electrical

Sun-Weather Relationships Based on Measurements of Ionospheric

Potential Variation

By measuring the earth-ionoE_phere potential difference, it is

possible with just one instrument at one location to characterize

the intensity of the earth's electrification over its entire surface

(exclusive of local effects such as proximity to thunderstorms, blow-

ing dust, and on occasion the aurora). This is because of the synch-

ronous worldwide variations of the earth's electric field which have

been verified (15). This characteristic offers the possibility of

following the temporal variation of atu_spheric electrification and

thus opens up a new dimension of the atmosphere for study. Inasmuch

as we routinely monitor electrical conditions on the sun and in space,

it would seem we are remiss in not continuing such measurements within

the earth's atmosphere. EVen if solar variability did not affect

atmospheric electricity, monitoring ionospheric potential and strato-
i

spheric conductivity on a routine basis would provide a more complete

description of the state of the atmosphere.
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The elegance of this approach can be appreciated by comparing

it to the procedure utilized to define the earth's weather patt rns

such as pressure and vorticity fields. To obtain these, hundreds of

simultaneous balloon soundings of temperature, humidity and the hori-

zortal wind vector are made every 12 hours. The term "synoptic" used

in meteorology arises from this requirement for many s_multaneous

measurements over a large grid. By adding a few additional radio-

sondes, but ones which ,easure the vertical electric field, conduct-

ivity and ion production rate, we would be able to characterize the

state of the earth's electric field and atmospheric ionization, thus

providing new key global parameters to our observations of the atmo-

sphere. Such measurements would provide the desired record of ion-

ospheric potential and stratospheric conductivity variations with a

temporal resolution dep3ndeDt on the frequency of the soundings.

These could be compared to solar-terrestrial parameters which are

routinely monitored such as solar flares, proton events, sector

crossings, and solar wind characteristics. It would be advantageous

to make these soundings on a frequent and routine basis during per-

iods of unusual solar activity. The objective of such a program

would be to identify the radiation, interplanetary medium conditions,

and processes by which solar variability modulates atmospheric elect-

rification. It would be necessary to obtain a long, preferably un-

broken, time-series of ionospheric potential variation made at least

once a day. The universal tlme diurnal variation of ionospheric pot-

ential component could be minimized by makiTg the measurement at the

same time every day--ideally at 0400 U.T.,at the minimum in this

cycle when it changes least in time. Such a time-series would con-

stitute a _eoelectric index patterned after, complementary to, and

used in the same fashion as the geomagnetic index which has been of

great importance in solar-terrestrial research. The desirability

of a continuous time-series arises from the requirement for cross-

correlation with other geophysical parameters; breaks in time-series

seriously degrade their value in correlation studies.

A complementary approach to achieve fine time resolution of

the variation of ionospheric potential would be to use the previously

demonstrated technique of recording the variation of vertical potent-

ial gradient from a constant altitude aircraft (15) or balloon plat-

form stationed in a favorable environment (low noise) well above the
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atmospheric exchange layer. This approach would provide a continuous

measure of the vaziation of ionospheric potential. To obtain its

ma@nitude periodic soundings would be required. This could be done

by lowering and raising the tethered balloon (gr kite) which sup-

ports the atmospheric electrical radiosonde used for the continuous

measurement. Alternately, a potential gradient sounding could be

made with a free balloon. In a favorabl6 environment the tethered

balloon or kite would have to be raised to a minimum of 5 km (38).

Such measurements could most easily and reliably be conducted from

a ship at sea, but they would be more aifficult _nd exnensive than

free balloon soundings. Their great advantage would be in providing

a continuous real-time measure of the earth's overall electric field

variation (39).

Lightning Detection from Satellites

The ability to observe the earth from space offers for the

first time the possibility of determining the spauial and temporal

variation of global thunderstorm activity. Photoelectric systems

are capable of sensing lightning during the day as well as at night

(40). Since there is high probability that optical sensing alone

will not detect much of the lightning from the middle and lower

portions of deep clouds, it will be necessary to sense lightning

generated electromagnetic radiation at other frequencies as well.

A new interferometric technique seems particularly attractive for

this purpose (41). Three or more geostationary satellites could

give the required full time coverage of most of the earth's surface

(42).

While lightning frequency and intersity must De some sort of

indicator of the electrification of clouds, it should not be assumed

that a simple correlation exists. It will be necessary to define

such ruiationships. The ability to sense ionospheric potential and

thundercloud electrification simultaneously on a global scale will

provide a breakthrough in our ability to evaluate the global circuit

hypothesis. It will also offer the means for testing the proposed

atmospheric electrical sun-weather mechanism includirg the speculative

part in which cloud electrification m_,? be influenced by solar

controlled changes in atmospheric elecYricity.
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Relevance to SCADM

Both the ionospheric potential and satellite lightning measure- r

ments have been proposed. The forthcoming Solar Cycle and _Jnamics

Mission and associated plans for studying the solar cycle from space

will provide an ideal time frame to initiate these studies of the

relationship of the sun and interplanetary medium tu atmospheric

electrification and weather.
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LVERAGE LA_ _T LEAST CORRELATION SIGNIFICANCE
YEAR

J_NSP_ 21 _,_ SOLAR COEFFICIENT LEVEL

_U_ER _IN_ VENUES

1_67 94 244 -0.338 < 0.0!

1968 106 198 -0.106

1969 106 184 -0.342 < 0.01

1970 105 121 -0.338 < 0.01

1971 67 96 -0.328 < 0.91

1972 69 136 -0.495 <0.01

1973 38 259 -0.444 < 0.01

1974 35 337 -0.197 <0.01

1975 18 140 -0.OS5

1976 12 178 -0.272 <0.01

The yearly correlations between solar wind velocity and cosmic

radiation (Mr. Washington, ,;ew Hampshire neutron monitor data)_ The

negative correlations imply that increasing solar wind speed results

in decreasing cosmic ray flux.
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Fig. i. Idealized magnetic blob (black region) moving

radially away from sun with velocity indicated by arrows,

(after Barouch and Burlaga (10)). Two spiral magnetic

field lines bounding the blob are shown within one sector•

A typical 4-quadrant sector structure is also depicted.
8

The dots (shown for one sector only) represent the con-

jectured cosmic ray intensity.
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Fig. 3. The variation of air-earth conduction current density

before and after the occurrence of solar flares showing the

rapid increase in ionospheric potential. The upper figure is

a composite of Reiter's data obtained on the Zugspitze mountain

peak in Bavaria taken from both references in (23) to maximize

the data base; the lower figure summarizes the analysis of Cobb

(23) using measurements from Mauna Loa volcano in Hawaii.
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Fig. 5. Scatter diagram showino the relationship of ionospheric

potential to solar wind velocity. The solid regression line refers

_ all the data point-'. (n = 60), the broken line is for the data

when those points with velocities greater than 500 km s-I are exclu-

ded (n -- 51).
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Fig. 6. Scatter diagram showing the relationship between averaqes

of grouped ionospheric potential measurements and correspondinq

solar wind velocities. This was done to insure independence of
a

the data (see text). The points represent groups separated from

each other by at least 2 days to eliminate possible effects due

to persistence.
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SUMMARY OF THE SCADM MEETING

14-15 June 1979 Wellesley, MA

Jack B. Zirker

The Symposium on the Study of the Solar Cycle From Space was

convened to provide a forum for the discussion of a new program in

solar terrestrial physics. The proyram has bepn under discussion by

a special working group, chaired by Gordon Newkirk, for some mnnths.

This was the first opportunity for the solar community to participate.

The scientific objectives of the program were outlined by

Robert Noyes. The program is primarily intended to investigatemech-

auisms of the solar cycle using a combination of ground-based and space

observations and theory. The program would last at least a decade and

would aim at developing a Q_ediecCvo theory for the solar dynamo suf-

ficiently accurate to forecast large scale.variations in the sunspot

cycle and its associated activity cycle, to understand previous dramatic

fluctuations in amplitude of the cycle (such as the Maunder minimum),

aad to calibrate geophysical proxy data that would allow us to extend

back for several thousand years the record of solar output variation

and the4r influence on the terrestrial environment.

Noyes pointed out that these objectives are eminently practical,

that the field is ripe for exploitation and that the program would

impact both stellar astrophysics and geophysics. The program is especially

appropriate at this time for a variety of reasons. Evidence is continuing

to accumulate that the sun is far from being the constant source of
i

light and solar wind that we have always imagined. Its rotatiorlalrate

_V',_T_,C', i",_,'-." P!.,'_;K NOT FILMED
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and luminosityma_ changewiti_time, and as reportedat the AAS meeting

at Wellesley,even its radiusmay be changingwith tin_! The Skylab

Missionrevealednew connectionsbetweenthe evolutionof the corona

and the deep-seateddynamothatcontrolsthe solarmagneticfield.

l_ewtechniquesfor studyingthe lhteriorof the sun, its largescale

pulsationsand its generalcircular]m,h_v_ beendevised_ecentlyand

alt_ioughthey need furtherdevelopment _n,_ygive u_ _ew toolswit,_

which to study the physicalbasis of the c!ynamo.Finally,the applica-

tion of large scalecomputersto the modeling,ifthe solar dynamo

in recentyears has giventheoriststhe confidencethat they are on

the track of understandingsome of the basicmechanisms.

in the middleof the late80's, NASA is consideringseveral

spacemissionswhich, if supplementedby a specificSolar Cycleand

DynamicMission(SCADM)wouldwork togetherin an unparalleledoppor-

tunityfor coordinatedinvestigationsof _he solardynamo,its effect

on the heliosphereand its effecton the earth. Thesemissionsinclude

OPEN,UARS and Solar-Polar.

In orderto devisea programfor 'theinvestigationof the solar

cycle,it is necessaryto beginwith the currentstazusof dynamotheory.

NigelWeiss reviewedour presentunderstandingof the solar interior,

its effecton the generationof solarmagneticfield,;and the prospects

for furtherprogresswith the SCADM. The firstobjectiveof tneorists

is to deve'lopa dynamotheorycapableof predictingthe normalphenomena

associatedwith the elevenand twenty-twoyear solarcycles. Kinematic

theoriesof the dynamohave beendevelopedin greatdetail. In these,
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the interior motions of the sun are postulated and their consequences

explored, These have been valuable in showing how the eleven-year

period arises, how the butterfly diagram develops and how Hale's law

of polarity arise. To progress further, theorists need to develop

r_alistic models of how the interior motions of the sun are maintained

by the interaction of convection and rotation, and how these motions

produce not only the steady-state eleven-year cycie but also the fluc-

tuations such as the F_under minimum. Such dynozrr_oalmodels have

progressed rapidly in the past decade..The models are still not capable

of treating the full range of variations of physical parameters (tem-

perature, density) that occur on the sun. And they still involve physical

approximations, such as the concept of turbulence diffusi_ity, that

can be challenged. Nevertheless, the dynamic models are a tremendous

imp,'ovementover the kinematic models.

To progress further, however, dynam) theorists need observations

to guide them. In particular they need (a) observations that reveal

the structure of the deep interior (at the present time the neutrino

flux deficit is only one of several possible observational approaches

to fulfilling this demand), (b) observations of the structure and

circulation of the convection zore, (c) observations of the large scale

magnetic field and its evolution in space and time, (d) evolution of

the small scale magnetic field. We have come to recognize over the

past decade that the surface of tilekinetic fields of the sun are

concentrated in extremely small, intense flux tubes and that the inter-

action of the field with the gas occurs at this scale and not on the
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large scales wl;ichdynamo theory presently considers. The theory

must be refined totake into account the generation of the flux ropes

beneath the surface, the emergence of such ropes to produce bipolar

magnetic regions, i.e. sunspot groups, the transport of the flux over

the surface and the dissipation and reconnection of the field near

the surface. To develop these aspect of the theory, observations

on the s..m__!!scal_ _zructures with s _es down to an arcsec are needed.

In addition to these observational inputs the theorists also

need of course to develop their tools for handling more realistic phy-

sical situations, such as compressible gas, magnetic buoyancy, realistic

values of the Reynolds and Prandtl numbers, convective turbulence and

other phenomena.

This short list of observational man,l_Pm_n_ for the further

development of dynamo theory can be converted into a list of typical

experiments to be carried out, either frc,na space vehicle (SCADM) or

from the ground. Each of these experiments can be justified and related

to. specific observational requirement, as outlined above.

There are three classes of experiments that can be conceived.

The first relates to Lhe description of the structure and motions of

the interior and convection zone, the second to ..nesurface interaction

of magnetic fields and velocity fields and the third, to the evolution

of coronal stractures which serve as tracers for Lhe large scale magnetic

field and therefore like sunspots, for the patterns that a dynamo theory

must explain.

Timothy Brown examined a number of experiments in each of these
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categories from the standpoint of the ultimate limitations on accuracy

that could be obtained either from space or from the grouna. He

focused on the sources of noise for particular measurements and on the

effects of interruptions in a time-string of observations on the

ultimate resolution that is obtainablp either frqm the ground or from

space. From these considerations he w_s able tp make recommendatiu,s

on wnlcn experiments are most appropriate for spacecraft. Brown listed

typical experiments, as follows:

I. Large Scale Flows

a. The detection of time and latitude variations in the solar

rotation.

b. The detection of meridional flow and the investigation of

Its spatial and temporal organization.

c. The detection of the largesL conceivable convective cells

("giant cells") from their DJppler signature, _r,dthe study

of their physical properties.

These experiments are all characterized by low spatial resolution, low

tiil_resolution but extremely high velocity sensitivity (less than l m/s)

and a requirement for stability of velocity measurements for at least

two weeks and preferably, several months.

2. Oscillations

a. Depth variation of rotation.

b. Structur_ of the solar interior.
¢
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The depth variation of angular rotation in the c_nvection zone has

been revealed from the Doppler splitting of the five-minute photospheric

oscillations. This work is calable of considerable extension and

refinement and Brown investigatedwhat kind of observational conditions

must be satisfied. The structure of the interior, now revealed only

by the neutrino deficit, can be studied in principle by using the

resonant oscillationsof the whole sun. These fall in the period range

20-160 m and such oscillations have already been detected marginally

from the ground.

3. Chromosphericand Coronal Tracers

a. Holes,XBP

b. UV Luminosity

Brown's final category of experiments involve chromospheric

and coronal tracers of the large scale magnetic field that in turn

serve to constrain the dynamo theories. Such features as coronal holes

and X-ray bright points would require X-ray observations from a satellite.

The variatiGns in the UV luminosity of the sun also serve as important

datum for the development of dynamo theories.

Brown assumed in his investigation that the SCADM satellite

would fly in a low-inclinationnear-earth orbit and so suffer _clipses

for half the time every ninety minutes. With this basic assumption

he was able to place experiments in categories according to whether a

space observation was essential, gave marginally increased benefits,
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or was not oeeenCi,a_. In the first group of e_sential experiments

were: t_,edetection of global oscillations (with amplitudes of I m/s),

the detection of giant cells, the determination of the azimuthal mode

structure of the ridges of the five-minute oscillations and the monitoring

of X-ray bright points and coronal holes. In the second cctegory (where

space gives only a marginal advantage) was the determination of the

angular velocity as a function of depth in the convection zone from the

five-minute oscillations, the monitoring of magnetic field tracers

such as supergranulation and the monitoring of EUV luminosity. Oscilla-

tions of the solar diameter and chromospheric magnetic tFacers can be

done as well from the ground.

Dave Bohlin reported the gobd news that a polar mission for the

SCADM is now feasible at an incremental cost of perhaps 30%. Such a

polar mission would alleviate or eliminate many of the intrinsic problems

of detection that Brown uncovered so that in effect, Brown's study

serves as a scientific justification for the value of a polar orbit.

Art Hundhausen reviewed the variation of the corona and wind

with the solar cycle. A very clear and simple picture for this evolution

has come out of Skylab observations and the follow up that has been done

since then. Coronal holes, as sites of open magnetic _ields and fast

solar wind, reach their maximum size and stability just before solar

minimum. The sun is then dominated by two huge polar holes with no

mid-latitude or polar extensions. This characterized the solar minimum

around Ig76. The large scale magnetic fie]d of the sun was roughly
6

dipolar with a neutral current sheet extend!ng from closed magnetic field
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lines that straddle the solar equator and extending out into the

heliosphere. As the sunspot cycle picks up, the polar holes shrink

and mid-latitude holes develop. At nkiximumsunspot activity, the polar

holes virtually disappear a;idlarge mid-latitude holes develop, some

with the same polarity on opposite sides of the equator. This simple

evolution, together with the rigid rotation of coronal holes, and

(at least during Skylab), the systematic eastward progression of new

coronal holes must be explained by any acceptable theory of the dynamo.

, Hundhausen met head on the question: Why make more coronal

lJoleobservations when Skylab did such a fine job? There are severel

reasons. First, Skylab was as successful as it was mainiy because a

great variety of data (X-ray, white light, interplanetary ,ind) were

available to put together a complete three-dimensional picture of

coronal evolution. But Skylab occurred during solar minimum and we

now have no prospects for obtaining as complete a picture during solar

maximum. Secondly, the simple picture of the heliosphere that emerged

from Skylab must be checked with observations out of the ecliptic

since the model is based on extrapolations. Third, there is no reason

to suppose that the last cycle was typical: we would like to be sure

that the regulerities observed during Skylab are an essential feature

of the solar cycle!

Len Fisk reminded us of the accumulating evidence for a connec-

tion between climate changes on earth and variations in the solar out-

puts that are associated with the solar activity cycle. This connec-

tion is controversial,but offers a tremendous practical stimulus for
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understanding, in a physical, predictive theory, how the sun influences

the earth's climate.

In sum_ary, the SCADM Symposium convinced all of us that the

time is right for an evolutionary study of the mechanisms of the solar

cycle, emnloying ground and space observations, for a development of

new theory, with the purpose of understanding not only the steady-state

behavior of the solar activity cycle, but also its temporal fluctuations

on scales ranging from ]00 to 500 years. Such a study would have

enormous practical benefits not only to the development of solar research

and for the understanding of activity cycles on other stars, but also

in our predictive power to anticipate and therefore prepare for varia-

tions of the terrestrial climate that are driven ultimately by the solar

dynamo.
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QUESTIONS AND COMMENTS

COMMENT BY: N. Gerson, Laboratory for Physical Sciences

DIRECTED TO: J. Zirker

The scope of the Conference and the detail of many of the
papers were impressive. Nonetheless, I feel that three topics
of some interest could have been more fully explored. These in-
clude, (a) priority of the needed research, (b) the solar wind
and magnetic field, and (c) the potential of a lunar astronom-
ical observatory. Comments on each topic are given below.

(i) Priority of the Needed Research. Most investigators
seemed to promote their particular project. Even at
the conclusion oF the conference there was no clear
list of priorities for research projects. If NASA
were to allow only a single experiment, which one
would be the ove1_helming choice of the Conference?
If NASA were to allow, two, three...etc., which would
be chosen? What importance do solar physicist them-
selves place upon their research? A choice _nst, of
course, consider three critical spacecraft lJnitations:
(a) the orbit, (b) the allowable weight and r.ass, and
(c) the bandwidth of the downlink telemetry.

I believe that the majority of the audience felt that
each experimenter considered his research to be the
most important. However, such an approach is un-
realistic in view of the competition for dollars and
volume aboard the spacecraft. To me, if not for NASA,
the group must list the value and priority of proposed
investigations.

(2) Solar Wind and Magnetic Fields. Three bodies of the
solar system contain appreciable magnetic fields:
Earth, Jupiter and the Sun. In flowing past the mag-
netospheres of the planets, the solar wind compresses
the sunward field, stretches the nocturnal field, and
produces strong solar associated changes in the radia-
tion belts, magnetic fields, ionospheres and auroras.

The solar wind acting upon the solar magnetic field
also would distort and stretch the field lines, and
perturbs the solar magnetosphere (which basically
should be a cavity in the galactic wind). It is con-
ceivable that ejected material, returning to the photo-
sphere, would be trapped in deformed radiation belts
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_.nd dribble onto the surface in two zones analogous
to the planetary auroral ovals. To what extent has
this possibility been treated or observed?

(3) Lunar Astronomical Observatory. In today's tech-
nology an astronomical observatory on the moon is not
unrealistic. Considering initial i_stallation costs,
lifetime, platform stability, what are the trade-offs
between an artificial satellite and a lunar-based

astronomical observatory?

COMMENT BY: J.L. Linsky, JILA/University of Colorado

DIRECTED TO: J. Zirker

I would like to make some comments concerning the con-
cluding remarks by Jack Zirker.

(I) I strongly agree with Jack's conclusion that the dynamo

processes, which presumably regenerate magnetic fields
in the Sun, must be understood in order to understand

the solar cycle.

(2) Dynamo processes pose an extremely difficult theoreti-
cal question, and to pursue this question theoreticians

need the guidance of observations.

(3) Just observing the Sun, even with very sophisticated
techniques, may be inadequate because the basic inde-

pendent parameters have only one value. These param-
eters include gravity, rotational velocity, chemical

composition, depth of the convection zone, age (inso-

far as it determines properties of the core), initial

magnetic field configurst_ons, etc.

(4) However, stars do exist which are in most ways similar

to the Sum but differ in one or more of these independ-

ent parameters. As a result, it may be possible to

test dynamo properties or obtain insight into dynamo
properties by performing something similar to a con-

trolled experiment, By this I mean studying a group

of stars, including the Sun, which differ mainly in

one of the above parameters. Observables which might .

be studied include emission line strengths for lines

formed in chromospheres and transition regions, coronal
X-ray emission, and magnetic field strength (when the
technology improves to make this feasible).
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(5) I therefore urge the continued and strengthened support

by NASA of correlative studies of solar-type stars for

the purpose of better understanding dynamo and other
processes occurring in th_ Sun.

COMMENT BY" K. H. Schatten, Astr<,nomy Department, Boston
University

DIRECTED TO. J. Zirker

We have had a little trouble seeing the forest for the

trees. There is, however, one theme which I see has recurred
that a number of scientists feel should not be excluded in

solar cycle dynamics studies. At this co--_erence, it has been

stressed by Drs. Rust, Hundhausen, Feynman, Crocker, Sheeley,
Suess, Keller, Matsuka, and myself. It is t.,e role of the

solar magnetic field and its variability in governing subse-

quent solar activity. Dr. Rust has suggested a particular

space experiment to better observe its growth and decay whereas

Dr. Feynman has stressed the usefulness of geomagnetic activity
parameters (which depend on recurrent solar wind streams in the

latter half of a cycle governed by the sun's polar field) as a
clue to long-term solar cycle fluctuations.

COMMENT BY- R. Levine, Harvard-Smithsoaian Center for Astro-

physi;s

DIRECTED TO: J. Zirker

I am surprised that in a symposium devoted to the study of
the solar cycle, which is largely manifest in the magnetic field,

there has been very little mention of observations of the field

itself. Direct study of the solar magnetic field is crucial to

the study of the solar cycle for two main reasons"

(I) High resolution magnetograms are an indispensible

component of the study of turbulent magnetic dif-
fusion, which is the key physical process in the

solar dynamo.

4
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(2) Using the observed fields to model the magnetic

structure of the inner corona and interplanetary

field is potentially the most reliable tracer of
the position of open field lines in the corona.

Careful analysis of measured magnetic fields can

be used in conjunction with many of the techniques

mentioned by speakers at this symposium to improve

greatly the understanding of the coronal response
to the solar magnetic cycle.
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CORONAL HOLES, SOLAR DIURNAL ANISOTROPY
OF COSMIC RAYS AND OFF-ECLIPTIC

INTERPLANETARY MAGNETIC FIELDS"

H. S. Ahluwalia

Departmeat of Physics and Astronomy
The University of New Mexico
Albuquerque, New Mexico 27131

It is a well-known fact that most of the information

regarding the broad features of the interplanetar/ magnetic
field, prior to the space probes was derived from careful
analyses of cosmic ray intensity variations observed with a
global network of neutron monitors and muon telescopes, de-
ployed over a variety of observing sites ranging from
mountain tops to deep underground. The advent of space probe
era has in no way minimized, at least thus far, the impor-
tance of this technique. Observations in free space have no
doubt provided us with a lot of details as to the fine struc-
ture and temporal changes in the electromagnetic states of
the interplanetary medium. There have not been too many sur-
prises, however. This is because spacecraft observations
have been confined to low epcrgies, close to the plane of the
ecliptic, at isolated points in space, for a limited amount
of time. Many of these limitations are not likely to be
overcome, at least in the near future. This criticism cer--

tainly applies to the spacecrafts which will be launched in

the zoming decade to probe areas far away from the ecliptic

plane, inside the heliosphere. Recently it has become appar-
ent that it might be possible to make inferences regarding
the large-scale features of the interplanetary magnetic field,
far away from the ecliptic plane, through the study of solar
diurnal anisotropy of cosmic rays. Our results are discussed.

1. Introduction. I wish to take this opportunity to make a plea to the

NASA administrators. I believe that they should seriously think about reme-

dying an apparent flaw that presently exists in the planning aspects of a

space mission. It is my considered opinion that when a mission is in the

A-3 pRI_CED.TNC, PA_,E BI,ANK NOT FII_MED

t

1980009682-320



planning stage and a long lead time is available, a non-trivial sum of money

should be made available to encourage the relevm_t research efforts which may

be directed towards obtaining mission related information, in an indirect

manner, from ground-based observations. I believe that there are several ap-

propriate active areas of research which may qualify for support. This

morning I will describe one such area of research which is relevant to the

objectives of the mission which is being discussed at this symposium. I al-

ready feel encouraged that the Study Group for Solar Cycle and Dynamics

Mission (SCADM) considers it most important that ground-based observations be

used in conjunction with this mission, over its lifetime, i.e. over a signif-

icant fraction of a solar cycle. This is a step in the right direction.

2. Cosmic Ray Research Using Worldwide Network of Detectors. It is a

well-known fact that most of the information regarding the electromagnetic

states of the interplanetary medium, prior to the space probe era, was de-

rived from the careful analyses of the cosmic ray intensity variations

observed with a global network of cosmic ray detectors such as neutron moni-

tors and muon telescopes deployed over a variety of observing sites, ranging

from mountain tops to deep underground. Alfven (1950) pioneered this ap-

proach by postulating the existence of magnetized solar beams in the

interplanetary medium. He (Alfven, 1954) and his co-workers (Brunberg and

Dattner, 1954) showed that such beams would modulate the cosmic ray intensity

in the interplanetary space, in a characteristic manner. Notable contribu-

tions to this area of research were made by Davis (1955), Nagashima (1955),

Morrison (1956), Dorman (1957), Gold (1959), Elliot (1960), Parker (1958,
I

1960, 1961), and McCracken (1962). It is indeed a tribute to the patience

and the scientific wisdom of these and several other workers that when direct

' A-4
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measurements were finally made in the free space, broad notions regarding the

meteorology of the interplanetary/ medium were found to be essentially correct.

The advent of the space probe era has in no way minimized, at least thus far,

the importance of the technique of continuous monitoring of cosmic ray inten-

sity as a means of deriving information about the broad features of the

interplanetary magnetic field. By no means do I wish to minimize the impor-

tance of the spacecraft observations in free space. The fact is that

observations' in the free space have provided us with a lot of details as to

the fine structure and the temporal changes in the state of the interplane-

tary medium. But by and large there have not been too _any su,prises. One

should note here the fact that spacecraft observations have essentially been

confined to low energies, close to the plane of the ecliptic, at isolated

points in space, for a limited amount of time. Most of these limitations are

not likely to be overcome, at least in the near future, even when the space-

crafts begin to probe areas far away from the ecliptic plane, inside the

heliosphere.

Recently (Ahluwalia, 1977a,b) it has become apparent that it might be

possible to make inferences regarding the large-scale features of the inter-

planetary magnetic field, far away from the ecliptic plane, through the use

of cosmic ray technique. As we have heard for the past two days, research

workers concerned with the nature of solar magnotism are just now beginning

to speculate about the overall structure of the interplanetary,magnetic field

at such far-off distances. An independent check of their ideas is absolutely

essential. Hopefully we would thereby be led to an internal consistency in

our broad scientific picture which may then in turn be examined for details

by observations made aboard the spacecraft missions such as those being dis-

cussed at this symposium.
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3. Solar Diurnal Anisotropy of Cosmic Ray.s.. Tb_s afternoon I prepo-e to

demonstrate how the questions

pertaining to the large-scale
TO SUN

characteristics of the inter-

planetary magnetic fieldp far AL4o5 **'*'*
away from the ecliptic plane, ]_..."

I/COSMIC RAY
may in principle be related to WIND

the temporal characteristics of p EARTH

the cosmic ray solar diurnal
C

anisotropy. The commonly ac- F

cepted model for this
I I_TERPLAN ETARY

phenomenonemerged from the ef- MAGNETIC FIELD LINE

forts made by myself and

Dessler (1962), Darker (1964), Figure 1

and Axford (19_5). The n_del

is illustrated in Figure 1. Cosmic rays tend to diffuse into the heiiosphere

along the interplanetary magnetic fi._ld lines, which on the average are in-

clined at at, angle of 45° west of the earth-sun line, as indicated _n *.he

-1.

diagram. The cosmic ray flux along the field is indicated by the vector F.

At the same time cosmic rays are swept radially outwards by Alfven magne_ _zed

beams (coauaonly called the solar wind). It turns out tnat the redial flux of

cosmic rays (_) outwards is exactly balanced on the average, by the radial

-k

component _f F_ resulting in no net radial streaming of cosmic rays within

the heliosphere. A cosmic ray wind then naturally appears in the mode_

This is shown in the diagram. The net streaming is tan',_ntial to the orbit
a

of the earth, i.e. the cosmic rays appear to corotate with the sun. A detec-

tor on the rotating earth therefore seas slight excess of cosmic rats
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arriving from the local dusk direction. This effect is commonly called Coro-

tational Anisotropy of Cosmic Rays. It has a period of 24 hours in local

solar time. Tt is a small effect. The a,nplitude of the sinuseidal variation,

with local time, is about 0.5%.

I I I I .,_

_ben cosmic ray data, obtained
3S.9eP

at a given observing site, are aver- _IO_.-

j-aged over a long pe-iod of time and

subjected to the Fourier analyses _ I0-
9.5 e. ._Z

IM

three periodicitles stand out. Fig- o
d

ure 2 shuws the power spectral density _ .-

ue, -"
estimate (in arbitrary LmltS) made

U
)J

from ten years (1962-71) of data ob= _ _ - _

i

\

V ,,A/
neutron monitor. Clearly there are _oI I 2 ' =" 4

CYCLES PER DAY (CPDI

well-defined peaks at 1-cpd', 2-cpd,

and ",-cpd. As can be seen the peaks Figure 2

are higl.ly significant. Note that

cosmic ray diurnal variation (1-cpd) is by far the largest effect (note also

that the power spectral densities _t 1-cpd, 2-cpd, 3-cpd are approximately in

the ratio'of 800:20:1, respectively). I might point out that semidiurnal

• variation (2-cpd) is perhaps on the threshold of being understood. The tri-

diurnal variation was discovered only six years ago (Ahluwalia and Singh,

1973). At the present time no concensus exists as to its origin.

Figure 5 shows the year-to-year change in the times of maximum of the

diurnal, the semidiurnal and the tridiurnal variations for the Deep River
6

neutron monitor (black dots) and the University of New Mexico Vertical Muon

telescope located underground at Embudo, New Mexico (circles with crosses).

REPRO_UCII_IIJTY OF TttI,_

0
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The two detectors respond to different __ 16_'a'e' 'A'_'_'_|_' ' ' ''_r_

median rigidities (R)of the primary _ I_DIORN_LV_UilA__ _COSmiC rays. For Deep River neutron _ ,2_ _mbud_ _

,e,eo o i :
/

] on the time of maximum of the diurnal _z_ _ _ • _ • • .

.m..4- u ® ®_lm_m-
variation. It is clear that the diur- _ -SEMI DIUlU41/_MMUAI1K_4 -

2

nal time of maximum (uncorrected for _ • • _ _ _ _ _ @ _ _-O-
the geomagnetic bending of the prima- O _WU3NS -

"J .2621 1641 J661 1681 1701, 1721 1741
ties) remains nearly constant from YEARS

1962 to 1970, at about 15 hours LT. Figure 3

This situation is upset in 1971 when

an anomalous shift towards early hours is observed. It appears that this

shift has continued at least up to 1976. Such a drastic change was last ob-

served during the deep solar minimum of 1954. The effect remains unexplained.

Note however that i971 was not the year of solar activity minimum.

4. Off-Ecliptic Cosmic Ray Contribution to Solar Anisotropy. Figure 4

illustrates one possible way in which our results may be understood. It is

known that during 1970-72 period solar wind was undergoing a drastic transi-

tion. A pattern of high speed streams, corotating with the sun, was

beginning to emerge. They are related to the coronal holes (Krieger et al.,

1973a,b). Since the holes often extend over a wide range of helioaltitudes,

it follows that on such occasion_ a large-scale structure of'unidirectional

magnetic fields must exist in space over a large enough l ange, normal to the

ecliptic plane. A similar inference has been reached independently by

A-8
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Svalgaard et al. (1974). , ,,
OFF-ECLIPTIC COSMIC RAY

They studied the long- STREAMING MODELS

term changes in the -- __ l._.nfobserved solar sector __ __ ._. __

structure pattern of the i j,o.,,.,
interplanetary magnetic 17" 7"'-
field. It appears to us B'e O B" e B Be

therefore that off- I_" _'. "_ _ _

ecliptic cosmic rays must _ (C) (d)

make a significant con-

tribution to the cosmic Figure 4

ray solar diurnal anisot-

ropy. Figure 4 shows the streaming patterns of off-ecliptic cosmic rays

under different ,nfigurations of the large-scale, well-ordered, interplane-

tary magnetic field far away from the ecliptic plane. The suggested

streaming is driven by a symmetrical cosmic ray particle density gradient

(_n) normal to the ecliptic plane, as shown in the diagram. Off-ecliptic

cosmic ray contributions to the solar anisotropy is illustrated in Figure S.

Clearly a great deal of flexibility is available in accommodating departures

of amplitudes and times of maximum from those pertaining to the Corotational

Anisotropy discussed in section 3. Streaming models 5a,b give rise to semi-

diurnal variation of cosmic rays, as discussed by Subramanian and Sarabhai

(1967) and Quenby and Lietti (1968). Also the models shown have the poten-

tial of explaining the observed features of the day-to-day, as well as

year-to-year changes in the solar diurnal variation of cosmic rays. But the

most important feature of these models is that one may also be able to derive

information regarding the mean interplanetary magnetic field far away from

A-9
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the ecliptic plane, using ..... _ ......

OFF-ECLIPTIC COSMIC RAY
data obtained with the CONTRIBUTIONS TO
muon telescopes located SOLAR ANISOTROPY

..... .,4_INDICATESOFF-ECLIPTIC CONTRIBUTION
deep underground. More-

TO SUN _ TO SUN _ TO SUN

over one may be able to . 4S_B I._7,li 4s_B
obtain information re- C.A._oROTATIONAL _

scattering processes

C.A. INDICATESCOROTATIONAL ANISOTROPYwhich affect cosmic rays,
_ (a,b) (c) (d)

by comparing data ob- "......

rained with inuon Figure 5

telescopes lecated under-

. ground with data obtained with surface level muon and neutron detectors.

Thereby one can get some feel about the "roughness" of the off-ecliptic in-

terplanetary magnetic field. In addition one notes that at very high

energies off-ecliptic cosmic rays might carry information about the charac-

teristics of the boundary between the heliomagnetosphere and the interstellar

medium. SIce at such large distances is unlikely to be sampled in depth by

the spacecrafts, at least in the present century.

I hope that I have convinced you of the potential usefulness of the

cosmic ray technique in acquiring information about the broad features of the

interplanetary magnetic field, far away from the ecliptic plane. A very mod-

est investment of funds in keeping alive the remaining relics of the global

network of neutron and muon detectors would ensure that vital data of high

quality are available to the scientific community for a variety of uses. Also
4

some money should be made available to research workers on a continuing basis,

to carry out a variety of analyses of the data to acquire insights whic_

A-IO
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i

"_. might prove very useful to N/k_A progrmus ill the future. Such studies would

be very useful in the design of experiments to be put aboard the future

spacecrafts. Alternately when the measurements do become available from the

space probes it might become possible to further refine the theoretical mod-

els of the observed modulations of energetic particles. This is, of course,

L

quite vital to the continued good hcalth of the field, as well as to the tri-

umphant march of science itself.

)
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ABSTRACT

._ A relationshipbetweenthe (North-South)asymmetryin the areasof

:, i the solar polarcoronalholes and the (North-South)anisotropyin the

i cosmicray intensityhas been pointedout by Agrawalet al (1978).

' Howeverthis studywas limitedto the shortintervalof skylabobservations•
The presentstudy extendsthe above investigationover a periodof

two years,usingground-basedobservationsof coronalbrightnessobtained

, by the K-Coronameter.It has been pointedout by Hundhausen(1977)and

.. ! Bohlin(1977)thatthe low brightnessregionsin the contourmapsof

-. _ coronalbrightness(plottedas a functionof solar latitudeand Carrington
: J

i; longitude)correspondwell to coronalholesobservedby other techniques.

_ Periodsfor studyof cosmicray variationshavebeen chosenmaximizingthe

; asymmetryof the polarcoronalholes The studysubstantiatesthe qeneral

! conclusionsof the limitedstudy and underscoresthe importanceof the

' i roleplayedby coronalholes in ".hesolarmodulationof galacticcosmic
t

. rays. _ ,

} , PermanentAddress:
, i_ VlkramSpace PhysicsCentre,A.P.S.University,Re,:a,(MP),India. _!
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Introduction:

Systematicstudiesof cosmicray intensityvariationsover the past

fourdecadeshave highlightedthe importanceof the use of the same as tools

for exploringthe interplanetaryspace. The streaminginto the solar system

of galacticcosmicrays frombeyondand the modulationof the same by the

interplanetaryelectromagenticstate,which in turn is governedby the sun,

havebeen generallyaccepted.

A varietyof cosmicray intensityvariationsare oftensumultaneously

presentand thesearise fromdifferentcauses. The followingmodulations

and anisotropiescan be citedas examples: solar cyclevariation,Forbush

decrease,specificrecurrentdecreases,daily variationconsistingof first,

secondand perhapshigherharmonics,(N-S)anisot_opyetc. A sortingout of

this complexmosaicof intensitychangesattributedto differentmodulation

mechanismsis not alwaysan easy task.

While solaractivityis stillrecognizedas the primarycause that :

modulatesand governsthe interplanetarymedium,therehas been a resurgence
c

' of the searchand isolationof appropriatesolar pdrdm_ter(s)for correlativ_

, studieswith differenttypesof cosmicray intensityvariation.

Roleof solarwind in changesof cosmicray intensity: i

It has been recognizedthat the velocityof the solarwind playsan
X

importantrole in the developmentof geomagneticactivity. The correlation

betweengeomagneticactivityand someof the cosmicray intensityvariations

is alsowell known. Thus the questionhas been raisedfor quite some time

whethersolarwind speedalso has any bearingon cosmicray intensitychanges.

i
" Paststudieshaveoften producedconflictingor inconclusiveresults. '

i

Snyderet al (1963)have reporteda negativecorrelationbetweendaily

meansof solarwind speed and cosmicray intensity,butthe correlationwas

.. _ A-14 ._ ,
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not verystrong. The studyof McCrakenet al (1966)of a seriesof recurrent

Forbushdecreases,has indicatedthat theseare associatedwith the emission
J

of high speed solar plasma from the so-called "M-regions" (Bartels, 1934)

whichare the restrictedareas on the solar discto which recurrentgeomag-
/

netic distrubances are attributed. Also, it has been suggested by Hau_itz

et al (1965)that the magnitudeof the flare-associatedForbushdecreasesmight be proportional to the speed of the flare-plasea cloud, which in turn

is relatedto the fieldstrengthaheadof the cloud. The studyof lucciet

,! al (1977a) supportsthis generalresult. It is releventto pointout that

the studiesof _:athewset al (1977) and _ledgecocket al ('1972)haveconcluded

. that the ]ono-term(ll-year)cosmicray modulationcannotbe explained

_ strictlyon the basisof the solarcycle variationsin the solarwind speed

_ as observedin the eclipticplane.

i; Coronalholes,highspeed streamsand cosmicray intensityvariation:

! It has been realizedof late thathi�h speed streamsare closelyrelated

i: to coronalholes,and that the equatorialcoronalholesare probablythe

• ka,'nfuIQ?_) T,_*_,,,_,'_-has _ain_ 'M-regions' of Bartels (Vide review, A ....... _ .............. .
i:,'

_ been spa_'kedin the possiblerelationbetweencoronalholes,solarwind

,T, speed and cosmicray modulation. Decreasein cosmicray intensityduring

i:_ 1965-1974havebeen studiedby lucciet al (1977b) when the earthwas

_ immersedin high speedstreamswhich couldbe associatedwith coronalhole_.

_ They repoFtincreasesin high latitudeneutronmonitors_ 0.6% for each

increaseof IO0 km/secin solarwind speed.

: Furthermore,variouscosmicray studiessuggestthatmechanisms

_ operatingin the off-the-eclipticplanecouldcontributesignificantlyto the

_,• intensitychanaes. Thus the natureof the physicalprocessesin the solar

:_ polarregionsare of significance.It is not knownat presenthow the solar

_ A-15
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i

wind and solarmagneticfieldsrelatingto the polar regionsof the sun

; contributeto the modulationof galacticcosmicrays incidentupon theI

solarsystemfromoff-the-eclipticplaneregions. Schwennet al (1978)

have pointedout the helio-latitudedependenceof solarwind. The
/

investigationsof Duggaland Pomerantz(1971,1976)and Merceret al (1971)

referto cosmicray modulationin the northand southpointingdirections,

for interplanetaryshockwaves propagatingat largerangleswith respect
I

to the eclipticplane. The relativelypoorcorrelationbetweensolarwind

speedand cosmicray intensityvariation,particularlyon a longtermbasis

is to be pointed. Thisarisespartlyfromthe fact thatmeasuredsolarwind

speedsused in analyseshaveessentiallybeen restrictedto the ecliptic

plane (! 7.5°).

Furthermore,any attemptto correlatethe varioustypes of cosmicray

intensityvariationsvsithsuitableparameter(s)of solaractivity,it is

also necessaryto sort themout and investigate,wheneverpossible,the

differenttypes,in an isolatedfashion.

The studyof Agrawalet al (1978)utilizesthP publisheddata of the

sizesof the solar polarcoronalholesfrom fivedifferentintervalsof

skylabobservationduringIg73-1974(Bohlin,1977)and the (North-South)

anisotropyobtainedfrom the cosmicray intensitiesregisteredby the

groundlevel superneutronmonitorsat Thuleand McMurdoBase,Antarctica.

Note thatno daily variationof cosmicray intensityis involvedin the data.

Also, to a certainextent,anyothertype of world-wide_ariationon an
!

averaqewould be removedin the d_fferenceexceptthoseconnectedwith a i

(

<

(N-S)effect.
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i Extensionof the study of cosmicray (pI-S)ani$ot.ropyst!':Jyu@ing9round-

i_ based data relatinjqto polarcoronalhole_:

Daily valuesof polarizationbri_chtness,observedas a functionof

_ latitudeat 0.5 solar radiiabovethe west limb of the sun, by the K-Corona-

meter at thi_MaunaLoa observatoryhave been usedto generatecontourmaps

,_ of coronalbrightnessas a functionof solar latitudeand Carrington

: longitude(of the limbat the timeof observatior;).Such contourmaps of

: "white-light"are availablefor In,ng periodsof time. For the Skylabepoch

itself,the lolvb_,-ightnessregionsin such mans correspondv!ellto coronal

holesobservedby other techniques. Thus in Drincinle,we havea meansof

extendingstudiesinvolvingpolarcoronalholes over longDeriods,usingthe

relativelyreadilyavailablegroundbaseddata.

The presentstudy dealswith the two year period1973-1974,an interval

characterizedby severalfeaturesof interest. Solaractivityin termsof

sunspotnumbersis at the lowestpartof the descer,lih9phaseof the sunspot

cycle priorto the minimum. The period1973-1975has revealeda high

: degreeof correlationbetweenthe occurrenceof coronalholes,solarwind

i_ streamsand geomagneticdisturbancesas pointedout by _eupertand Pizzo

(1974),Nolteet al (1976a,b),Sheeleyet al (1976),and Bell and Noci (1976).

Thiswould refer to the presenceof low latitudecoronalholes. It is

releventto draw attentionto the closeassociationbetweenhighspeed solar

wind streamsand solarcoronalhole structures,as pointedout by Bohlin

(1977),Hundhausen(1977),and Sheeleyand Harvey(1978).

The presentstudy is devotedto investigatethe cosmicray (N-S)

anlsotropythatis possiblyassociatedwith the equatorialextensionof ,

magneticfieldsfrom solar polarcoronalholes. The cosmicray data refer to

the intensitymeasuredby the detectorsat the two polarstationsof McMurdoand

A-17
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V

Thule. The choice of intervals for study during this period 1973-1974

is madewith care and accordingto specificcriteria. The intervalsV

shouldconsistof not less than foursuccessivedays. The absenceof solar

flarewlthintwo dayson eithersideof the intervalis a pre-requisitefor

the choiceof the intervalof study. The (N-S)coronalhole areaasymmetry

is maximizedby the choicethat the polarhole almostextendseQuato_sardfor

one hemisphereand in the otherhemisphereextendsonly up to _ 45° latitude.

Care is alsotakento see that the interplanetarymagneticfield i_ ,f

singularsign duringthisentireinterval. Thus the restrictionsintroduced

with regardto the selectionof the intervalfor studyenablesus to remove

to a largeextentcosmicray intensityvariationsarisingfromother possible

causesand thus isolatethe effectof the (N-S)asymmetryof the areaso_

polarcoronalholeson the cosmicray anisotroDy.The resultsin general

substantiatethe earlierresultsof Agrawalet al (1978)which had been

obtainedover a limitedperiodof stud). It is seen that if the dominant

hole is in the northernhemisphere,the (N-S)anisotropyin cosmicray

intensityis negative,and positivefor t'_ecasesof dominantsouthern

hemispherehole.

Conclusions:
-!

• The followingconclusionsemergefromthe study:

I. Solarcoronalholes playa significantrole in the modulationof

cosmicray intensityvariations.

2. The _orth-South(N-S)cosmicray anisotropy_s measuredat l AU

duringnon-disturbedperiodsis dependento,1the differencein areas of

the solarpolar coronal holes,when suchvalueswere specificallyavailable
o

for study,as duringthe skylabperiod.

3. I_ is now possibleto extendthisstudyover long-termperiods
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' by using the ground based observations, of the K-Coronal whtteltght, since

regions of weak emi._sionof the K-Coronal whiteltght have been fo,nd to

correspond we!] to corona] holes observed by other techniques. The study

extended to a period of two years, generally supports results of the

earliershort term study.

4. Thus it is clearly_eenthat_chanlsms operatingin off-the-

eclipticplanecontributeslgnificantlyto the cosmicray intensitychanges.

A detailedcorrelativestudyof the asymmetryof corona]holeareas,

recognizedfrom complementaryK-Coronaldataand the cosmicray (N-S)

anisotropy,obtainedfromthe differencein intensityregisteredby the

Thule and McMurdoneutronmonitorsover the period1973-1g/4_ being

reportedelsewhere(Manuscriptunderpreparation).
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Figure 1

Crossplot of (North-South)asymmetry in the sol _nlar coronal hole

area versus the (North-South)anisotropy in cos,. -ay intensity derived

from the Thule and McMurdo neutron monitors. Both o_servations of data

cormespond to the same period in the interval 1973-74 of the Skylab

observations. The cosmic ray data has been corrected for latitudinal

posit_on of earth in terms of ecliptic plane (for details, see Aarawal

et al (1978)). Ae= Area of the visible solar disc.
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SOLAR ACTIVITY AND TERRESTRIAL WEATHER: THE MAGNETIC C0UPL_G MOE_L

J.T.A.EIy (U. of Wash. FM-15, Seattle, WA 98195)

Both sho_ term (day-week) and long term (decade-century) correlations

between solar activity and various perturbations of the weather have been

convincJr_ly demonstrated by the work of Eddyl, Roberts2 , Stringfellow3 ,

Wilcox et a14. In essence: (I) short term fluctuations in atmospheric

vor_icity in the winter have shown high correlation (7 sigma) with inter_larle-
tary magnetic f_eld-_-_-IMF)sector polarity c/_nges (which, in turn, are hig_y

correlated with geomagnetic disturbances); (2) periods of harsh winters have

been shown to correlate with low solar activity (i.e., low numbers of sun spots,

geomagnetic storms, auroras, etc.); and (3) lightning incidence, over four solar

cycles, exhibited a strorgll year and a distinct 22 year modulation. These

effects are predicted by the magnetic coupling model-most of whose features
have been observed. The causal chain for (I) and (2) above is: IMF modular:ion

of cosmic rays producing changes of approximately 15%5 in atmospheric ioniza--

tion at I0 km altitude (approximately 250 grsms/cm depth) resulting in varJ/t-

tion of mid-to high-latitude cirTus cloud cover by the mechanism discussed

below. Although the variation in ionization incT_ases with altitude, the
mixing ratio becomes rapidly too small for cloud formation above the cirrus

region. Because loss of heat through a cloudless sky is the major factor in

detemming winter severity, variation in cloud cover expla_-s the strong cor-

relations holding in winter only. The ii year synchronism of lightning in-

cidence with the sun-spot cycle has been adequately explainedilas due to leak-

age of c_arge from anvil to electrosphere when cosmic ray ionization is high.

• We explain the 22 year modulation of lightning in another account (see below).

The principal cosmic ray variations of interest here are (i) the well-

known "ii year solar cycle" modulation which anti-correlates with sun spot

number, (2) the Forbush decreases due to large magnetic si-euctures enveloping

the earth for days at a time, more often near solar maxim_n, and (3) the

strongly geomagnetic latitude dependent nor_h-south-asynmmetry (NSA) due to

day side merging between the IMF and GMF (geomagnetic field). The latter
effect combined with the +7° heliocentric latitude excursions of the earth5

produces 22 year cycles. This NSA has been obsewed with (i) 2000% amplitude

at low energy7,8 (Mev), (2) 30% amplitude in the 1 Gev/r'_cleon r_nge9 , and
(3) 1% in neutron monitor recordsl0 (10 Gev). A more ex_ensive discussion of

these phenon_na appears in a much longer paper curwently Jn preparation for
submission to Science.

The reduction in cirrus clouds postulated in this model to result from

in_sed atmospheric ionization involves several factors: (1) the eoalesc_

water molecular aggregate is an excellent inelastic collector of chargel2

before it has cooled to an ice-(mystal or grown large eno<_h to reflect TR,

. ,x. ;DING P_.7: r,, _,,,.NOT FILMED
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(2) charged water molecular aggregates are transported up or down (out of the

thir.cirrus region) by the atmospheric electric field (5 v./meter at 10 kin),

and (3) the region in which cirrus ice crystals can form is quite thin (because
the temperature must be below -40°C if no condensation nuclei are present, and,

the mixing ratio falls off very rapidly with altitude (usually)).

On the basis of this model, it would seem that our understanding (and

possib]e future predictive power) of the solar activity perturbations of weather

would be enhanced by measuren_nts that (i) permit analysis of the solar dynamo
source of the IMF, and (2) clearly define the influence of the IMF on galactic

cosmic rays (and thereby on cirrus level ionization and related effects). This

work was performed under 0NR Contract N00014-77-C-0392.
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Solar and Stellar Variability

GEORGE ELLERY HALE AND ACTIVE MAGNETIC FIELDS

E.N. Parker

George Ellery Hale invented the spectroheliograph to study
the activity of the sun and then established from the
Zeeman splitting of a number of lines in sunspot umbrae
that strong magnetic fields are an intrinsic part of the

: sunspot. These pioneering observations, and the spectro-
: heliograph and magnetograph in their various modern forms,

are the basis for modern studies of the magnetic activity
of the sun and of stars a:,d galaxies. Mos; stronomical
bodies have magnetic fields and, hence, are active. The
theoretical understanding of magnetic fields embedded in
highly conducting gases has progressed over the decades

: but is still without solid explanations for much of the
activity. Observation continues to lead the way, contin-
ually turning up new effects that not only were not anti-
cipated but have yet to be understood after the fact.

_. The turbulent diffusion of magnetic fields is, after three
decades of theoretical controversy, well established as a
real effect in nature, but with the surprising associated
effect of negative diffusion in suitably long lived eddies.
The behavior of magnetic fields in a convective stellar
envelope, then, is complicated by the buoyancy of the
field, by convective propulsion, and by turbulent diffu-
sion. Together these effects guarantee that the l_agnetic
fields within the envelope are delivered to the surface
where the intrinsic internal nonequilibrium of magnetic
fields produces the extensive array of suprathermal effects
collectively called activity. For all the wide occurrence
of magnetic activity in the Universe, the sun and the
magnetosphere of Earth are the two places where the physics
of the activity can be observed in enough detail to pro-
gress toward understanding the physics. The primary cause
of magnetic activity is the nonequillbrium that results
when any flux tube extends from one pattern of winding

: about its neighbors into another. For in that circumstance
: there is at least one thin layer from which the fluid is

.. CEDD_'C r, ,- ....... ": :_OT FIEl_i_g'ff
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squeezed so that the gradient of the magnetic field in-
creases without bound, until resistive diffusion steps in
and dissipates the field. The sunspot, and its magnetic
field discovered by Hale, is a particularly vexing
phenomenon, having resisted any overa!! self-censistent
explanation up to the present time. We have suggestod
that the sunspot is merely the magnetic debris on the
surface of the sun marking the position over an unseen
subsurface dovmdraft. No other concept seems to account
for the spontaneous clustering of so many separate indivi-
dual flux tubes into a single bundle. As a final point,
the observed strong variatic _f the mean level of solar
activity over the centuries __ presumed to be a consequence
of changes in the interJa convection and circulation be-
neaththe visible surface of the sun. Hence we would
expect at least some slight change iD the total luminosity
of the sun in step with the changing level of activity.
This entire question is of fundamental importance to the
physics of stellar in_riors and stellar activity, besides
being cf profound consequence to the correlated variatlons
of the climate of Earth. Hence, precise measurements of
the absolute intensity of the sun, to absolute accuracie_
of at least one part in 103, must be begun now and extended
indefinitely into the future, as the only direct means for
studying the p_oblem (measurements by Kosters and Murcray
suggest variations of as much as 0.4% over the last ten
years). The relative luminosities of a number of the
nearer main sequence G-stars should be measured to supple-
ment the direct observations of the sun, showing by the
changes in each of many stars, the possible variations of
the sun over long periods of time.

SOLAR LUMINOSITY VARIATION: OBSERVATIONAL EVIDENCE
AND BASIC MECHANISMS

P.V. Youkal

We review the evidence on variations of _he total solar
luminosity, with particular attention to the results on
changes over time scales between days and tens of years.
We summ_rize the time behavior of the solar constant and
of the solar spectra! irradiance for comparison with obser-
vations of other late-type stars, and also for its possibl_
significance as an input to climate models. We discuss _ome
physical process that might give rise to variation of the
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_ total luminosity in the shorter time scales, and point out

i _ how the observable parameters of solar luminosity varia-. tion can provide a useful technique to study the dynamics
_. of gas and magnetic field_ in the convection zone. We
_, suggest some useful observations to be made from the
_ ground and from space in the future.

% OPTICAL VARIABILITY OF LATE-TYPE DWARFS AND RS CVn STARS;
' EVIDENCE FOR LUMINOSITY CHANGES AND SEARCHES FOR

SUN SPOT CYCLES

< L. Hartmann

; The observational evidence for luminosity variations that
may be related to solar-type activity on other stars is

L. reviewed. Spots have been identified on late-type stars,
based on the demonstration of inhomogeneous surface bright-
nesses derived from eclipses of binaries, and on the gen-
eral lack of alternatives with appropriate period, light-
curve, and color b6havior.

Modern photoelectric determinations of spot properties
\

appear to favor spot temperatures a few hundred degrees
cooler than the surrounding photosphere, but the results
are not unique, and bright spots may also be present.
Suggestions that spots may trace out differential rotation
have come from the observed migration of the light curve
with respect to the eclipses in RS CVn stars, and from
period changes in dwarfs; however, it is not clear whether
the period changes reflect differential rotation or spot
evolution.

:,, Spot variability may occur on timescales of days. However,
photographic studies with a time baseline ~ _0 years, com-
pleted for four dwarfs, show long-term drifts Jn optical
light on the order of 30_, with timescales of decades. No
real evidence for II year cycles has been found, in con-
trast to Wilson's Ca II emission observations, but this

- discrepancy may be due to the limited accuracy of photo-
graphic pl%tes. Similar kinds of behavior are present in
RS CVp star_; spot areas may persist for periods up to
decades.

Standard spot models translate the 30% optical variability
into ~ I0_ luminosity variations" this should be confirmed
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by bolometric observations. The available long-term
studies and statistical arguments suggest that variability
may be intermittent. The long timescales present in the
observations indicates that suppression or modification of
convection in the ouLer envelope persists for timescales
longer than the overturning time.

THE VARIABILITY OF THE SOLAR ULTRAVIOLET RADIATION IN
THE WAVELENGTH REGION 1209 - 2100

M.E. Vanhoosier, J.W. Cook, and G.E. Brueckner

The intensity contrast I(plage)/I(quiet Sun) has been

determined fo_ continua _na selected strong emission lines
between 1200 A and 2100 A, using spectra obtained from
Skylaboand from sounding rockets. We find val_es of 10
(1400 A), 4 (1600 A), 2 (1800 A), and I (2100 A) for the
ultraviolet continuum. The contrast for H Ly-_ is 3.5. A
minimum value for the solar variability has been derived
under three assumptions: (a) the enhanced UV radiation
originates from the same plage areas as observed in Ca II
K2 images, (b) our contrast values are typical, (c) average
quiet and plage intensities per unit surface area are con-
stant over the solar cycle. A high spatial resolution
photograph of a plage obtained from a sounding rocket _n

: 13 February 1978 supports assumption (a) for the 1600 A
continuum. Approximately 20_ of the flat disk area was
covered by plage _t the solar maximum of 1958 according
to Sheeley (Ap. J., 147, ii06), while the sunspot number
reached a monthly average value in excess of 200. For
such a strong solar cycle the ratio of full disk flux at
solaromaximum to that at sola_ minimum will be 1 (con_. at
2100 A), 1.20 (cont.oat 1800 A), 1.60 (cont. at 1600 A),
2.80 (cont. at 1400 A), and 1.50 (H Ly-a).

VARIATIONS IN THE SOLAR BRIGHTNESS DUE TO ACTIVE REGIONS

G.A. Chapman

Observations of faculae and sunspots obtained with the
Extreme Limb Photometer (Chapman, G. A., Phys. Rev. Lett ,
34, 755, 1975) are presented as fractional changes in the

: mean solar brightness. These observations were obtained

• B-6 '
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_ at _ = 0.52 _m with a bandpass of A_ = 0.07 _m. Observa-
tions were obtained in 1974 and 1975 of sunspots near disk
center and faculae near the limb. Estimates of the bright-
ness deficit of sunspots are often made from their area and
assumed contrast. Such estimates may be substantially in
error preventing accurate comparisons with other forms of
synoptic total disk brightness monitors. For example the
estimated effect of Mt. Wilson sunspot No. 19448 (9 Aug.
74) gave a fractional decrease in solar brightness, AB/B
u -1 x 10-4 whereas the photometric value was -2.1 x 10-4.
Neglecting the facular areas, 4 or 5 large sunspots groups
could give AB/B = -1 x 10-3. We find for sunspots the
relation AB/B s -6.3 x 10 -1 A, where A is the S.G._. area
in fractionr of a hemisphere. For faculae about 6" - 30 _
from the limb we find AB/B = (13 • 1) x 10-3 A, where A
is the McMath area in fractions of a hemisphere. Bolo-
metric variations should be about 15% less than the values
given above.

THE EXTREME-ULTRAVIOLET SOLAR CYCLE

J.G. Timothy

There is evidence for a large variability in the solar
extreme-ultraviolet irradiance over the solar cycle. The
magnitude of the variability as a function of wavelength
and its relationship to the dynamics of the outer solar
atmosphere have yet to be determined. We are initiating
a series of measurements to address these questions and
will discuss their relevance to SCADM.

TOTAL SOLAR ENERGY OUTPUT AND ITS MEASUREMENT

V. Domingo

The expectations and the indications of total solar energy
output variation are analysed on the bases of solar phys-
ics theory, solar activity observations and climatological
observations. Our present effort to me_sure the total
solar energy output (solar constant) is described and how
the present techniques can be improved to be able to mea-
sure the expected variations of the solar radiation, is
discussed.
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ULTRAVIOLET OBSERVATIONS OF HZ-HERCULIS

H. Gursky, A.K. Dupree, L.W. Hartmann,
J. Raymond, R,J. Davis, and J. Black

We have carried out extensive observations of HZ Herculis

with IUE. Data has been obtained at all orbital phases
but only within sever_l days of the x-ray turn-on that
defines the 35-day cycle. Intensity variations appear to
be simi2ar to those observed in visible light. The bulk
of the continuum radiation can be accounted for by radia-
tion from an x-ray heated photosphere. Excess radiation
can be interpreted as originating in an accretion disc for
which we can define certain physical parameters. Only
emission lines are seen in the spectrum; NV is the stron-
gest spectral line and the ratio of NV to CIV display sig-
nificant variations with orbital phase.

GAS STREAM OBSERVED IN THE ULTRAVIOLET SPECTRUM OF U CEPHEI

Y. Kondo, R.E. Stencel and G.E. McCluskey

The interacting close binary U Cephei has been observed
with the International Ultraviolet Explorer. Nine high
resolution spectra in the mid-ultraviolet (1900 - 3200A)
and one high resolution spectrum in the far-ultraviolet
(1200 - 1900A) were obtained. The effect cf gas streaming
are clearly seen in the mid-ultraviolet resonance lines of
Fe II (X2599) and Mg II (kA2795 and 2802), all of which
are markedly phase-dependent. The data indicate that much
of the gas leaving the G star circles behind the B star and
leaves.the system. It is suggested that g-, _de oscilla-
tions in the G star supply part of the energy required to
drive the gas out of the system.

SECULAR DECREASE IN THE SOLAR DIAMETER, 1863-1953

J.A. Eddy and A.A. Boornazian

Meridian transit measurements of the solar diameter made

at Greenwich from 1836 through 1953 show a statistically
significant secular decrease that exceeds errors of obser-
vation and likely observer bias. The same secular effect
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ha_ been noted before by others who examined all or part
of the Greenwich data set, and has generally been attri-
buted to atmospheric effects or personal equation. It
does not appear in the less precise measures o5 De made
at Campidoglio and Monte Mario from 1874-1937. We are now
analyzing the _eric_ o_ _ranslt measurements made at
Washington beginning in 1846 as another check. The Green.
wich decrease is a nearly monotonic feature ol both hori-
zontal and vertical diameters: a least-squares fit gives

2.25"arc/century in DH and 0.75"arc/century in DV. If
this measures a real change in the solar diameter it
amounts to about 0.1%/century, which is far more than the
rate proposed 7,y Helmholtz in 1854 to explain the solar
luminosity. If it indicates a temporal contraction of
the photosphere it could centribute an adequate fraction
of Le to reduce the theoretical internal temperatur_ and
expected neutrino flux.

_ARIATIONS OF THE SUN'S RADIUS AND TEmPeRATURE Db_ TO
MAGNETIC BUOYANCY

J.H. Thomas

Recc, _ r.,r_urements h_ve suggested that the sun's surface
tem_ :_' , decreases with increasing solar activity
(Li, .._ ._x_ 1978, Nzture 2t2, 340). Although this has been
intcrpre:ed as implying a decrease in luminosity, it is
point,d out here that surface cooling could also be due to
a radial expansion of the sun with no change in lmninoslty.
The proposed physical mechanism for _he expansion is based
on variations in magnetic buoyancy due to v.riPtions in
the magnetic flux in the convection zone over the solar
cycle. Rough c_ulations show that this mechanism could
cause a relative change of solar radius _R_'R ~ 10-4 - 10-S
between _o]ar mininum and maximum, with a corresponding
drop Jn surface temperature of _ 1 - 10 K. Pas_ measure-
ments of variations of the sun's radius over the solar
cycle are inconsistent, but there are data in support of
the present hypothesis. _ccurate monitoring of the sun's
radius ov,-.r th_ solar c_cle would tes_ this hypothesis and
provide new information on the mechanism of the so'ar dyna-
mo. This research was supported by NASA and the A_r Force
Geophysics Laboratory.
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LARGE VELOCITY SHIFTS 7N SHARP UV RESONANCE FEATURES
IN SPE'_RA OF EARLY-TYPE BINARIES

F.C. Bruhweiler, Y. Kondo and G. McCluskey

In 19 early-type binaries studied using the IUE spectzo-
meter, 5 objects (_Lyr, _Ori, AOCas, HD93403, and _Sgr)
display sharp features of SiIV and CIV (and NV in OLyr)
with large velocity shifts in excess of 85kms -1. In _Lyr
and _Sgr, multiple ex-osures reveal that narrow absorption
features of these ions are clearly variable and appear
linked with the phases _f the biaary systems. In q Or1,
_:ith one exposure available, lines of the CIV resonance
doublet near 1550A are shifted approximately 75A shortwazd
from the rest wavelengths. In &O Cas, multiple exposures

. show compenents presumably of interstellar origin of 5iIV
and CIV .,_th addJtional narrow circumstel_ar shell components
shifted snortward by 1800kms -1. A single Ib_ spectrum of
HD93403 shows t SiIV component at 1402.6A, presumably
interstellar _lus an additional component shifted longward
by 85-130kms-1. Since all these objects a,'e early-type
b_narles, these observation_ are not inconsistent with
explanations involving mass loss or mass exchange. But
due to th_ h_gh frequency of binaries and the high oc-
currence _ the stars observed in this study of both
negative r d positive velocity absorption components,
forge aon.._ributions in interstellar' _eatures from circum-
ste_l_r materiql or from a mass stream between stars with
unresolved velocity shifts must be seriously considered.
Since the velocity resolution of IUE is on the order of
30-dOkms -I, difficulties may arise in obtaining an unambigu-
ous interpretation for the origin of narrow instellar
features of high ionized species observed along any line
of sight.

IUE ULTRAVIOLET SFECTRA OF CLASSICAL CEPHEIDS

5.B. Parson,s

The classical cepheid variables b Ce9 (5.37 days) and
Dor (9.84 days) were observed with IT E in December 1978
at several phases each, especially in the interval 0.7 -
_.0 P. Two phases (.76 and .86 P) were observed of _ Gem

(10.15 days). M_st sets of obserw.tions cover the full
range 1200-3300 A available _t low resulution (6 A) and°
usually +he range 2400-3200 A at high resolution (=0.3 A)
Similar spectra were obtained of non-pulsating supergiants

t
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over the spectral type range FO Ib - G2 lb. Very little if
any flux i§ recorded shortward of the Si I opacity edge
near 1680 A, although 0 I A1304 emission appears at type
F8 Ib and is very strong at G2 Ib, along with Si II _1814
emission. 0 I emission and Mg II emission cores are pre-
sent at all observed phases of _ Dot but at no observed
phases of 5 Cep. From this it is speculated that the
presence of a substantial chromosphere is relzted to the
small difference in mean temperature of the cepheids (6
Cep 9.verages about 250 K hotter) rather than to the actual
large changes in temperature or specific hydrodynamic
events during their pulsations. No explanation is evident
yet from the spectral data for the bumps on the A1910 light
curve of B Dor observed by OAO-2 filter photometry
(Hutchinson, Hill, and Lillie 1975, A.J. 80, 1044). Further
study of ]tne identifications and flux distributlon_ is in
progress. I gratefully acknowledge the assistance of the
IUE Observatory staff in the acquisition and reduction of
these data. This work is supported in part by NASA under
grant NSG 5328.

PERIOD CHANGES OF WUMa SYSTEMS

T. Herczeg

A comprehensive study of period changes in WUMa-type eclips-
ing binaries is being carried out, based on the available
observational material and several new photoelectric timings
of the minima. About 35 systems lend themselves to a
detailed analysis of the period. It is quite clear that
the period chanbes consist almost exclusively of abrupt0
discontinuous variations with the period being constant
or nearly constant between them. The "sudden" changes
need typically 5-10 months to lead to a new value of the
period, but they can be as short as a few weeks, in ex_re_,,
cases possibly only a few days. Intervals of constant
period between discontinuities vary between 5 and 35 years
and the abrupt chsnges appear to be distributed randomly.
Amounts of typical period variations lie between 0.1 and
0,5 sec with a peak around 0.3 sec; there seems to be a
tendency that pocitive cha_ges predominate by about 2:1
above negative changes, but _he significance of this f!n_!ng
can not be definitively established without further obser-
vations. Acceptlng this as representing a secular trend
would lead to substantial changes in these systems within
5 to 10 _lllion years--a time scale probably too short.
This work is suTuorted in part by NSF grant AST 78-12307.
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THEORETICAL COLORS FOR HELIUM RICH CEPHEIDS

R.W. Whltaker and R.L. gurucz, et. al.

The authors have suggested that certain cepheids may have
solar like winds which deplete their atmospheres of hydro-
gen. The helium enrichment can explain the mass discrep-
ancy for these stars. We have computed UBV and ubvy colors
for a modest grid (1.0 -< log (g) -< 3.0; 5500°K -< Teff <
7000°K) of stellar atmospheres with Y = 0.27 and Y -- 0.75.
The latter value is an upper limit for helium enrichme,_
suggest by Cox et. al. New ODFs for Y = 0.75 have been
computed and used in Kurucz's ODF version of the ATLAS
stellar atmosphere._ computer code. Our results are com-
pared with those of Sonneborn et. al. (1979, submitted
Ap. J.).

ROTATION BROADENING FUNCTIONS OF SELECTED W ZTP_SAE
_IAJGRIS STARS

L. Anderson, M. Raff und F.H. Shu

Through the technique (,f F()urier deconvolution we have
been able to extract rotation broad_-ning functions from
the _pectra of several W UIla stars. If one assumes that
each surface element on a star emits radiation with the
same spectral distribution but not necessarily the same
integrated intensity as tt_e next element (the "uniform
profile approximation"), then the spectral distribution
received at Earth is a frequency convolution of the appro-
priately Doppler shifted intensity distribution over the
visible s.rf._cc cr the star (Shajn an q Struve 19S9, M.N.,

89, 222). We digitize and ta.:_ _he Fourier transforms of
photographic spectra co'-cring some 500 Angstroms and i,_-
cluding several dozen str(mg lines, and deconvolve with
equivalent spectra from non-rotating s, ingle st_rs of
.similar ._:pectral type (Simkin 1974, Astr. and Ap., 31,
:129). The resulting rotation broadening functions con-
tain information on the ._ha,_e (e.g., degree of contact and
mass ratio) r._)t easily obtained from light curves or the
analysis ot individual st.rongly blended spectral lines.
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SHORT TIME SCALE BRIGHTNESS
FLUCTUATIONS IN T TAURI STARS

T.J. Scneeberger *, S.P. Worden and J.L. Africano

We have conducted an investigation of short period bright-
hess fluctuations in the T Tauri stars at the Cloudcroft
Observatory. The 1.2 m f/6.5 telescope equipped _ith a
single channel pulse counting photometer has been used in
a high speed moae consisting of sequential 5 sec integra-
tions in the U band for durations up to two hours. The
figure below shows an observation of RW Aur, the most
active star observed. Comparison stars were constant to
±0.01 mag. This star also has times of relative quies-
cense. We find a strong resemblance between an event ob-
served on RW Aur and a "slow" flare on YZ Cmi. The short

' time scale events observed in a number of stars typica]ly
have amplitudes of 5_ and durations of 10 minutes.

* NAS/NRC Resident Research Associate

LMC CEPIIEIDS WITH PERIODS UNDER 1 DAY

L. Connolly

a

Photoelectric observations at CTIO have been made of 8

Cepheld-llke variables in the L,_.IC.l_ith one exception
these variables have been previously classified as Galac-
tic foreground RR Lyrae. The light curves are normal for
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Cepheids and they are located in the LMC Cepheid insta-
bility strip. But periods for these variables have been

: confirmed to be all under one day. A unique P-L relation
for these variables is apparent from the observations and
does not follow the relation for normal Cepheids. Wheth-
er these variables are actually Cepheids will be discussed.

NEW PHOTOMETRIC OBSERVATIONS OF V382 CYGNI

R.H. Bloomer, E.W. Burke, C. King and R.L. Millis

The massive 07-type eclipsing binary V382 Cygni has been
observed to provide new times of minima for a period
study and to provide a light curve for analysis. With
eighteen new times of minima and all times available fro_
the literature, a ,veig_ted linear least squares calcula-
Zion results in the light elements-

Min I = Hel J. D. 2442940.8071 + 1_8855143.E.

+0.0002 +0_0000002

No secular change in the period is apparent over the last
three decades. The V l£ght curve of 453 new observations
indicates that the maxima are of equal brightness but that
the depth of secondary eclipse varies by about 0_03. The
solutio, to the light curve using the Wilson and Devinney
(1971) model indicates an inclination near 87°; therefore,
using the radial velocity data of Popper (1978) the stars

have masses of M 1 = 26.7M e. and M2 = 18.9M e.

Popper, D.M., Ap. J. (Letters), 220, Lll.
Wilson, R.E. _ Devinney, E.J., Ap. J., 166, 605

NEAR INFRARED PHOTOGRAPHIC SKY SURVEY IV.
THE RECENT APPEARANCE OF NGC 2261

C.L. Imhoff and E.R. Craine

We present a series of 17 photographs of NGC 2261 (Hubble's
variable nebula; R Mon) in the yellow and near infrared.
These photographs werz obtained over a period of a year,
included in the same field as the NIPSS calibration cluster

• NGC 2264. The variability, structure and color differences
of the nebula are discussed. Our photographs are compared
with earlier photographic material, including the series
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taken by Lampland, as published by Duncan (1956, P.A.S.P.
68, 517). We note that some of the changes in the nebula
occur on time scales of as little as two weeks. This study
of an extended object is one of several uses to which the
NIPSS photographs may be applied; other aspects are dis-
cussed in three poster sessions presented st this meeting.
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